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RESUMO

A producéo e a composicédo do leite em sistemas tropicais variam ao longo do ano e sdo afetadas
por periodos criticos de estresse térmico. Esta tese reuniu dois estudos complementares. No
primeiro, objetivou-se caracterizar ritmos circanuais de gordura, proteina e contagem de células
somaticas (CCS) no Brasil e comparar a contribuicéo de sazonalidade e varidveis econémicas,
utilizando dados mensais de tanques (2013-2023) de seis estados (792 observacdes estado-més)
e registros Girolando (10.987 observacOes; 718 vacas; 41 rebanhos), com modelos lineares
mistos cosinor de 12 meses (mercado, rebanho e vaca) e modelos com pregos de leite, milho e
soja. Detectaram-se ritmos anuais significativos (P < 0,001) para gordura, proteina e CCS em
todos os estados, e a sazonalidade explicou a maior parcela da variagdo, com ganho minimo ao
adicionar variaveis econdmicas (AR? < 0,01). Em rebanhos, 65,9% foram ritmicos para
proteina, 31,7% para gordura, 34,1% para producéo e 22,0% para CCS; em vacas, observaram-
se ritmos em 46,2% (proteina), 20,5% (gordura), 51,6% (producdo) e 22,2% (CCS),
confirmando padrdes preservados entre niveis organizacionais. No segundo estudo, avaliou-se
a suplementacdo com metionina protegida da degradacao ruminal (MPR) em vacas Holandesas
primiparas em meio de lactacdo durante o verdo, sob estresse termico (THI > 68 em 68,3% das
horas; THI médio = 70,6), em ensaio de 9 semanas com 80 vacas (182 + 64 dias em lactacéo;
42,9 + 4,7 kg/d) recebendo dieta controle ou MPR (0,75 g/kg de MS; ~20 g/vaca/d) e coletas
nas semanas 3, 6 e 9. A MPR aumentou a producéo de leite em 2,0 kg/d (44,9 vs. 42,9), 0
rendimento de proteina em 50 g/d (1.464 vs. 1.414), de lactose em 108 g/d (2.109 vs. 2.001) e
de solidos totais em 176 g/d (5.331 vs. 5.155), além de elevar insulina (0,52 vs. 0,35 ng/mL),
reduzir glicose (39,3 vs. 43,2 mg/dL), aumentar FRAP (32,9 vs. 28,5 uM) e reduzir
malondialdeido (2,48 vs. 2,78 nmol/mL), sem aumento consistente da temperatura vaginal
média. Conclui-se que 0s ritmos circanuais de composicdo do leite e CCS existem e sdo
diferentes entre estados e que a MPR melhora producdo e solidos e favorece o estado enddcrino
e redox de vacas primiparas sob calor, sendo estratégia promissora para mitigar perdas no verao

em sistemas leiteiros tropicais.

Palavras-chave: composicdo do leite; cosinor; estresse térmico; metionina protegida; ritmos

circanuais



ABSTRACT

Milk production and composition in tropical systems vary throughout the year and are affected
by critical periods of heat stress. This thesis comprised two complementary studies. In the first,
we characterized circannual rhythms of milk fat, protein, and somatic cell count (SCC) in Brazil
and compared the relative contribution of seasonality and economic variables using monthly
bulk-tank data (2013-2023) from six states (792 state-month observations) and Girolando
records (10,987 observations; 718 cows; 41 herds), fitting 12-mo cosinor linear mixed models
at market, herd, and cow levels, as well as models including milk, corn, and soybean prices.
Significant annual rhythms (P < 0.001) were detected for fat, protein, and SCC in all states, and
seasonality explained most of the variation, with minimal gains from adding economic variables
(AR%2<0.01). At the herd level, 65.9% were rhythmic for protein, 31.7% for fat, 34.1% for milk
yield, and 22.0% for SCC; at the cow level, rhythms were observed in 46.2% (protein), 20.5%
(fat), 51.6% (milk yield), and 22.2% (SCC), confirming patterns preserved across
organizational levels. In the second study, we evaluated rumen-protected methionine (RPM)
supplementation in mid-lactation primiparous Holstein cows during summer heat stress (THI >
68 for 68.3% of monitored hours; mean THI = 70.6) in a 9-wk trial with 80 cows (182 *+ 64
DIM; 42.9 + 4.7 kg/d) fed a control diet or RPM (0.75 g/kg diet DM; ~20 g/cow/d), with
sampling in weeks 3, 6, and 9. RPM increased milk yield by 2.0 kg/d (44.9 vs. 42.9), protein
yield by 50 g/d (1,464 vs. 1,414), lactose yield by 108 g/d (2,109 vs. 2,001), and total solids
yield by 176 g/d (5,331 vs. 5,155), increased insulin (0.52 vs. 0.35 ng/mL), reduced plasma
glucose (39.3 vs. 43.2 mg/dL), increased FRAP (329 vs. 28.5 uM), and reduced
malondialdehyde (2.48 vs. 2.78 nmol/mL), without a consistent increase in mean vaginal
temperature. In conclusion, circannual rhythms in milk composition and SCC are present and
differ among Brazilian states, and RPM improves milk and solids yields while favoring
endocrine and redox status in primiparous cows under heat stress, representing a promising

strategy to mitigate summer losses in tropical dairy systems.

Keywords: circannual rhythms; cosinor; heat stress; milk composition; rumen-protected

methionine



Efeitos da sazonalidade e da suplementa¢cdo com metionina na producéao, composi¢éo do

leite e metabolismo de vacas leiteiras
Elaborado por Caio Rodrigues Monteiro e orientado por Marina de Arruda Camargo Danes

A producdo e a qualidade do leite no Brasil mudam ao longo do ano e tendem a cair nos periodos
mais guentes. Isso afeta a renda do produtor, o planejamento das indUstrias e a qualidade do alimento
que chega ao consumidor. Esta tese reuniu dois estudos para compreender essas variagfes e indicar uma
forma de reduzir perdas no verdo, periodo especialmente desafiador devido ao calor.

No primeiro estudo, analisaram-se dados mensais de qualidade do leite de seis estados
brasileiros entre 2013 e 2023, além de registros de rebanhos e vacas da raga Girolando. Utilizou-se um
método estatistico que caracteriza ciclos anuais para avaliar gordura, proteina e contagem de células
somaticas. Foram identificados ciclos anuais claros, consistentes e diferentes entre os estados, e a
sazonalidade explicou a maior parte das mudangas observadas, enquanto fatores econémicos (como
precos do leite e de insumos) acrescentaram pouca explicacdo adicional. Assim, conclui-se que a
sazonalidade é um componente real e importante da variagdo da qualidade do leite e deve ser considerada
na interpretacdo de resultados e no planejamento de a¢des tanto na fazenda quanto na inddstria.

No segundo estudo, avaliou-se uma estratégia nutricional durante o verdo em vacas Holandesas
primiparas, categoria mais sensivel ao estresse por calor. O ambiente apresentou calor suficiente para
causar estresse térmico na maior parte do tempo. As vacas que receberam metionina protegida
produziram, em média, 2,0 kg a mais de leite por dia (44,9 vs. 42,9 kg/dia) e aumentaram a producéo de
proteina, lactose e solidos totais. Além disso, apresentaram melhora em marcadores sanguineos de
protecéo contra estresse oxidativo. Em conjunto, os resultados mostram que a sazonalidade pode orientar
decisbes de manejo e politicas de pagamento por qualidade e que a metionina protegida € uma alternativa
promissora para melhorar o desempenho produtivo no veréo.

Ritmos Anuais no Leite (2013-2023) Metionina Protegida no Verao
Dados Nacionais, de Rebanho ¢ Vaca Individual
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Tese de Doutorado em Zootecnia na UFLA, defendida em 28/11/2025.



INDICADORES DE IMPACTO

Este trabalho, composto por dois estudos complementares, apresenta impactos sociais,
tecnologicos, econdmicos e ambientais, diretos e potenciais, para a cadeia produtiva do leite
em sistemas tropicais no Brasil. O primeiro estudo, “Annual rhythms of milk composition in
dairy cattle in Brazil”, analisou bases nacionais de qualidade do leite vinculadas ao Programa
Nacional de Qualidade do Leite (PNQL) do Ministério da Agricultura e Pecuéria, bem como
dados setoriais da Associacdo Brasileira dos Criadores de Girolando, gerando evidéncias
aplicaveis a previsao da variacao sazonal da composicdo do leite entre regides. Esses resultados
apresentam impacto tecnol6gico e econdmico potencial ao subsidiar programas de pagamento
por qualidade, planejamento de captacdo e producao, gestdo de processos industriais e acdes de
controle de qualidade por cooperativas, industrias e érgdos reguladores, contribuindo para
maior eficiéncia e previsibilidade na cadeia. O segundo estudo, “Response of mid-lactation
primiparous Holstein cows to the supplementation of rumen-protected methionine during the
summer”, foi conduzido em fazenda comercial (Fazenda Fazendinha, Trés Coragdes, MG), em
parceria entre a universidade e o setor produtivo, e avaliou a suplementacdo com Metionina
visando a resiliéncia metabolica de vacas Holandesas primiparas durante o verdo. Os resultados
tém impacto social e tecnologico potencial ao apoiar recomendacdes de manejo nutricional para
reducdo de perdas produtivas e de desequilibrios fisiologicos sob estresse térmico, com
implicagbes para a sustentabilidade dos sistemas e para a adaptacdo frente a cenarios de
aquecimento global. O carater extensionista do trabalho evidencia-se pela interacdo entre
universidade, produtores e instituigdes setoriais e governamentais, com participacao de publico
externo a UFLA e geracdo de conhecimento aplicavel a demandas reais do setor, além de
impactos indiretos para consumidores por meio do fortalecimento da qualidade, da eficiéncia e
da regularidade da oferta de matéria-prima ao longo do ano. A luz da Politica Nacional de
Extensdo Universitaria, os impactos se enquadram principalmente nas areas tematicas Saude,
Meio ambiente e Tecnologia e producdo, com interfaces em Trabalho, considerando os efeitos
sobre eficiéncia e sustentabilidade da atividade leiteira. Por fim, os resultados dialogam com os
Objetivos de Desenvolvimento Sustentavel da Organizacdo das Nac¢des Unidas, especialmente
ODS 2 (fome zero e agricultura sustentavel), ODS 12 (consumo e produc¢do responsaveis), ODS
13 (agéo contra a mudanca global do clima) e ODS 17 (parcerias), ao integrar dados em larga
escala e evidéncias experimentais aplicAveis para orientar manejo, nutricdo e politicas e

estratégias de qualidade em sistemas leiteiros tropicais.



IMPACT INDICATORS

This work, comprising two complementary studies, presents direct and potential social,
technological, economic, and environmental impacts on the dairy production chain in tropical
systems in Brazil. The first study, “Annual rthythms of milk composition in dairy cattle in
Brazil”, analyzed national milk-quality databases linked to the National Milk Quality Program
(PNQL) of the Brazilian Ministry of Agriculture and Livestock, as well as sectoral data from
the Brazilian Girolando Breeders Association, generating evidence applicable to forecasting
seasonal variation in milk composition across regions. These findings have potential
technological and economic impact by supporting quality-based payment programs, milk
collection and production planning, industrial process management, and quality-control actions
by cooperatives, dairy industries, and regulatory agencies, thereby contributing to greater
efficiency and predictability along the supply chain. The second study, “Response of mid-
lactation primiparous Holstein cows to the supplementation of rumen-protected methionine
during the summer”, was conducted on a commercial dairy farm (Fazenda Fazendinha, Trés
Corag0es, Minas Gerais, Brazil) in partnership between the university and the productive sector,
and evaluated methionine supplementation aimed at improving the metabolic resilience of
primiparous Holstein cows during the summer. The results have potential social and
technological impact by supporting nutritional management recommendations to reduce
production losses and physiological imbalances under heat stress, with implications for system
sustainability and adaptation under global warming scenarios. The extension/outreach nature of
the work is evidenced by the interaction among the university, producers, and sectoral and
governmental institutions, with participation of stakeholders external to UFLA and the
generation of knowledge applicable to real demands of the dairy sector, as well as indirect
benefits to consumers through strengthened product quality, improved efficiency, and more
regular year-round supply of raw milk. In line with the Brazilian National Policy for University
Extension, the impacts fall primarily within the thematic areas of Health, Environment, and
Technology and Production, with interfaces with Work when considering effects on efficiency
and sustainability of dairy activity. Finally, the results align with the United Nations Sustainable
Development Goals, especially SDG 2 (Zero Hunger and sustainable agriculture), SDG 12
(Responsible consumption and production), SDG 13 (Climate action), and SDG 17
(Partnerships), by integrating large-scale data and applicable experimental evidence to inform

management, nutrition, and quality-related policies and strategies in tropical dairy systems.
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PRIMEIRA PARTE

1 INTRODUCAO

A producdo de leite em regibes tropicais é influenciada por fatores ambientais,
fisiologicos e nutricionais que afetam a producdo e a composi¢do do leite, tornando
essencial compreender esses mecanismos para sustentar a competitividade e a
sustentabilidade da pecuéria leiteira tropical.

A composicdo do leite varia ao longo do ano, refletindo a interagcdo entre
sazonalidade ambiental, disponibilidade e qualidade de alimentos e ajustes fisioldgicos
(NIU etal., 2014; BERNABUCCI et al., 2015). Evidéncias indicam que a lactagdo bovina
também é modulada por ritmos biolégicos endégenos (LINCOLN et al., 2006),
sincronizados principalmente pelo fotoperiodo, via melatonina, com influéncia sobre
horménios associados a lactogénese e ao metabolismo mamario (CHEW et al., 1979;
DAHL et al., 2000; PICCIONE et al., 2012).

A caracterizacdo desses ritmos pode ser realizada por meio da ritmometria
cosinor, um modelo cronobiol6gico utilizado para quantificar padrdes temporais
(BOURDON et al., 1995; KOUKKARI; SOTHERN, 2006). Estudos em regides de clima
temperado identificaram ritmos anuais consistentes na producao e na composicao do leite
(SALFER et al., 2019, 2020), porém tais padrfes ainda sdo pouco avaliados em regides
tropicais e subtropicais.

No Brasil, o Programa Nacional de Qualidade do Leite (PNQL) disponibiliza
bancos de dados extensos, ainda pouco explorados para quantificar e comparar ritmos
anuais da composicdo do leite entre regides. Assim, a descricdo desses padrdes em
rebanhos brasileiros pode fornecer um referencial importante para interpretar variaces
sazonais e orientar decisdes na fazenda e na industria.

Dentro dessa dindmica anual, 0s meses mais quentes elevam o risco de perdas
produtivas e alteraces fisiologicas. Entre os fatores que mais comprometem a producao,
a salde e a reproducdo de vacas leiteiras esta o estresse termico (BECKER et al., 2020;
BAGATH et al., 2019). O aumento das temperaturas ambientais reduz a ingestdao de
matéria seca e altera a particdo de nutrientes, afetando a homeostase metabolica e
comprometendo a eficiéncia produtiva (BAUMGARD; RHOADS, 2013). Reduzir a
sazonalidade da producdo de leite € um desafio para a inddstria de laticinios, pois menor

sazonalidade permite uma oferta menos volatil de matéria-prima.
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Embora medidas fisicas de resfriamento sejam amplamente adotadas para mitigar
o calor (LEGRAND et al., 2011), estratégias nutricionais podem complementar a
mitigacao do estresse térmico. Entre elas, a suplementacdo com metionina protegida da
degradacdo ruminal pode favorecer a sintese proteica e a manutencdo do metabolismo
oxidativo de vacas sob desafio térmico (MCFADDEN et al., 2020; BATISTEL et al.,
2017; OSORIO et al., 2013); contudo, sdo necessarias mais investigacdes para confirmar
essa eficiéncia, especialmente em vacas primiparas sob estresse térmico prolongado
(CASTRO-MONTOYA; COREA, 2020).

Esta tese retine dois estudos complementares: (i) caracterizacdo de ritmos anuais
da composicao do leite no Brasil por ritmometria; e (ii) avaliacdo da suplementacdo com
metionina protegida no verdo em vacas Holandesas primiparas sob estresse térmico. Em
conjunto, os trabalhos tém por objetivo ampliar a compreensao da variabilidade temporal
da composigéo do leite e de estratégias potenciais para mitigar perdas em periodos criticos

do ano.
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2 REFERENCIAL TEORICO

2.1 Producdo e composicao do leite no Brasil

O Brasil foi o terceiro maior produtor mundial de leite em 2024, com uma
producdo de aproximadamente 25,28 bilhGes de litros de leite inspecionado e uma
estimativa de 35,7 bilhdes de litros de producdo total, incluindo o volume ndo formalizado
(IBGE, 2025; EMBRAPA, 2025). A cadeia leiteira ocupa papel central na economia
agropecudria nacional, distribuida em mais de um milh&o de propriedades e gerando
impacto socioeconémico, principalmente nas regibes Sul, Sudeste e Centro-Oeste
(BRASIL, 2024).

Apesar dessa expressividade, o crescimento da producdo tem sido modesto. Entre
2013 e 2020, a expansdo média anual foi de apenas 0,5%, muito abaixo da taxa de 4,3%
observada entre 2000 e 2013, periodo impulsionado pela elevacdo do consumo interno de
lacteos (CARVALHO, 2021). Os dados mais recentes reforcam esse cenario: em 2024, a
producdo cresceu apenas 1,4% frente a 2023 (IBGE, 2024).

O Censo Agropecuario de 2017 ja evidenciava limitacGes estruturais, como 1,176
milh&o de produtores, produtividade média de 2.069 litros/vaca/ano e 28% de producéo
informal (IBGE, 2017). Mesmo assim, 0 setor apresenta sinais de modernizacao,
incluindo aumento da escala produtiva e maior adocao de tecnologias. De fato, o volume
de leite proveniente de sistemas confinados passou de 16% para 35% entre 2019 e 2021,
apesar de pequena variacdo no numero de produtores adotando esse sistema, indicando
concentragdo produtiva crescente (CARVALHO, 2021).

Estudos recentes reforcam essa transicdo em direcéo a sistemas mais tecnificados.
Santos et al. (2024) registraram, em levantamento com 669 amostras de leite de tanque
no Rio Grande do Sul, que gordura, proteina e lactose apresentaram valores médios dentro
dos padrdes normativos, mas 31,24% das amostras estavam abaixo do minimo exigido
para lactose pela IN 76, refletindo fragilidades ainda presentes em sistemas extensivos.
Garcia et al. (2024) também mostraram que caseina, proteina e lactose apresentam
correlacdo positiva com a estabilidade do leite, reforcando a importancia do manejo
nutricional e sanitario na qualidade industrial.

Por outro lado, evidéncias de longo prazo apontam evolucdo gradual da
composicao em rebanhos tecnificados. Em analise de 23 anos de controle leiteiro no
Parand, Portes et al. (2024) observaram aumentos consistentes nos teores médios de
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gordura e proteina, especialmente apos a ampliacdo dos programas de pagamento por
qualidade.

Esses achados convergem com a tendéncia nacional de melhoria da qualidade
fisico-quimica e microbioldgica do leite, impulsionada por maior adoc¢édo de boas préaticas
de manejo, avancos em resfriamento e maior controle sanitario. As Instrugdes Normativas
n°® 76 e 77 (BRASIL, 2018) foram determinantes nesse processo ao elevar os padrdes
minimos de CCS, CBT, temperatura e composi¢do. Em consequéncia, atributos como
gordura, proteina e caseina ganharam importancia crescente na remuneracdo do produtor,
consolidando sua centralidade na eficiéncia industrial e na competitividade do setor
(CARVALHO etal., 2021).

2.2 Fatores que afetam a composicéo do leite

A composicdo do leite constitui um dos indicadores mais sensiveis da interacdo
entre genética, nutricdo, ambiente, fisiologia e sanidade. Além de determinar o valor
nutricional, a composicdo pode influenciar diretamente o rendimento industrial e a
remuneracao do produtor.

A composicéo do leite varia ao longo da lactacdo, entre individuos, entre rebanhos
e de acordo com fatores fisiol6gicos, nutricionais, ambientais e sanitarios. A gordura e a
proteina sdo 0s componentes de maior importdncia econdmica, pois definem o
rendimento industrial de queijos, manteiga, iogurtes e outros derivados. A gordura tem
maior amplitude de variacdo e estd fortemente associada as condi¢@es nutricionais e
ruminais, enquanto a proteina, por ser componente estrutural, € mais estavel, porém
sensivel ao balanco nitrogenado e ao metabolismo energético.

A composicao do leite é influenciada por uma série de fatores ndo nutricionais.
Entre esses determinantes se destacam caracteristicas raciais e produtivas, parametros
genéticos, estagio de lactacdo, ritmos bioldgicos associados a estacdo do ano, estresse
térmico e a saude da glandula mamaria. Embora esses fatores atuem de forma
independente, suas interacOes explicam grande parte da variabilidade observada nos
teores de gordura, proteina e lactose em rebanhos comerciais, tornando indispensavel
compreendé-los para interpretar adequadamente resultados analisados em fazendas e
estabelecer metas realistas de solidos.

Diferencas raciais na composicao do leite sdo conhecidas ha décadas (LABEN,
1963), e refletem ndo apenas a fisiologia prépria de cada raga, mas, sobretudo, o historico
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de selegdo. Vacas Jersey, por exemplo, produzem leite com maior teor de sélidos do que
vacas Holandesas (MEIRELLES et al., 2016), resultado esperado de uma trajetdria
genética onde a raca Holandesa foi intensamente selecionada para producdo total de
solidos por lactacdo, e ndo para porcentagem por litro (GIBSON, 1989). Entretanto, isolar
o efeito da raca € dificil, pois o nivel de producdo apresenta correlacdo genética negativa
com os teores de gordura e proteina (WILCOX, 1992). Estudos com diferentes
composicOes entre Holandés e Gir (CHALFUN et al., 2009) mostram que diferencas
aparentes no teor de solidos desaparecem quando a producdo de leite € usada como
covariavel, indicando que parte das diferencas atribuidas a raca pode na verdade refletir
efeitos do nivel produtivo. Em contrapartida, comparac6es envolvendo animais de baixa
producédo, como relatado por Verneque et al. (2006), indicam que ragas como o Gir podem
apresentar, de fato, maior gordura quando o nivel produtivo é semelhante entre grupos.
Essa combinacdo de evidéncias confirma que raga e producéo interagem de forma estreita,
e que avaliacdes isoladas podem levar a concluses equivocadas sobre o verdadeiro
potencial de sélidos de cada populacéo.

Além das diferencas raciais, 0 componente genético dentro da prépria raca
também exerce efeito sobre a composicdo do leite. Caracteristicas como teor de gordura
e proteina apresentam herdabilidade moderada a alta (WILCOX, 1992), o que permite
progresso genético consistente quando esses componentes sdo incluidos nos objetivos de
selecdo. A trajetoria da raca Holandesa nos Estados Unidos exemplifica essa relacdo:
apesar de o teor de gordura e proteina ter permanecido praticamente estavel por décadas,
a producdo absoluta desses componentes cresceu de maneira expressiva entre 1960 e
2019, acompanhando o aumento da producéo de leite por lactagcdo (CDCB, 2021). Apenas
a partir de 2014 observou-se aumento significativo nos teores percentuais, uma mudanca
que coincide com estratégias de selecdo mais equilibradas entre volume e sélidos. Para
paises como o Brasil, onde o valor pago pelo leite ainda privilegia o volume, mas onde
bdnus por qualidade ja sdo realidade para muitos produtores (CARVALHO et al., 2021),
incorporar critérios relacionados a composicdo na selecdo se torna cada vez mais
estratégico, sobretudo considerando que os efeitos genéticos se manifestam de forma
cumulativa e de longo prazo.

O estagio da lactagdo também provoca mudancas previsiveis na composi¢ao do
leite. Os teores de gordura e proteina tendem a ser mais elevados nos primeiros dias,
reduzem no periodo em torno do pico de producéo devido ao efeito de diluicdo e voltam

a aumentar a medida que a producdo cai no final da lactacdo (SANTOS; FONSECA,
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2019). A lactose, embora apresente menor variabilidade, costuma acompanhar o padréo
de producédo de leite, caindo progressivamente conforme o tecido secretor reduz sua
atividade (COSTA et al., 2019). Variaveis relacionadas ao metabolismo do nitrogénio,
como o NUL, refletem o consumo de proteina e a relagdo proteina:energia, e
frequentemente atingem seus valores mais altos semanas apds o pico (DOSKA, 2012).
Essa dinamica fisiologica reforca que comparacGes entre grupos de animais devem
sempre considerar 0 estagio da lactacdo para evitar interpretacdes equivocadas sobre o
potencial individual ou do lote.

Além dos determinantes biolégicos ligados a fisiologia da lactacdo, estudos
recentes revelam que a composicdo do leite apresenta um ritmo biol6gico circanual,
provavelmente regulado pelo fotoperiodo. Evidéncias provenientes dos Estados Unidos
demonstram que gordura e proteina seguem um padrdo anual consistente, alinhando-se
aos solsticios, com maiores concentracdes nos meses de dias mais curtos (SALFER etal.,
2019; 2020). Esses padrdes foram quantificados por modelos harménicos (BOURDON
et al., 1995) e persistem mesmo quando controlados fatores como temperatura e manejo,
sugerindo a existéncia de um regulador enddgeno sincronizado por sinais luminosos,
similar ao observado em espécies sazonais como ovinos e equinos (LINCOLN et al.,
2003; WEBSTER et al., 1991; HAZLERRIG et al., 2018). Do ponto de vista préatico, isso
significa que parte da variacdo anual observada nos solidos pode ndo ser atribuida
diretamente a0 manejo ou a nutricdo e que intervencdes realizadas em determinados
meses podem parecer mais ou menos eficientes devido a fase do ritmo biolégico em que
o animal se encontra.

Outro fator de grande impacto é o estresse termico, considerado um dos principais
limitadores de desempenho em regides de clima quente (ST-PIERRE et al., 2003). A
selecdo para alta producéo elevou o calor metabdlico gerado pelos animais, aumentando
a susceptibilidade ao calor (SPIERS et al., 2004). As quedas de producédo observadas em
condigOes de estresse térmico podem chegar a 40% (WEST, 2003), e se originam tanto
da reducdo do consumo, quanto de alteracdes metabdlicas profundas que afetam sintese
de lactose, uso de glicose, metabolismo proteico e atividade hormonal (MOHAMMED;
JOHNSON, 1985; ALAMER, 2011; RHOADS et al., 2009; WHEELOCK et al., 2010).
Embora os efeitos sobre o teor de gordura sejam variaveis entre estudos (RHOADS et al.,
2009; WHEELOCK etal., 2010; COWLEY etal., 2015), a reducdo no teor de proteina é
mais consistente, e reflete, em grande parte, limitacdo de aminoacidos para sintese na

glandula mamaria (COWLEY et al., 2015). Estudos recentes mostram que o resfriamento
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melhora o status antioxidante, aumenta a disponibilidade de aminoacidos essenciais e
eleva o teor de proteina do leite (GAO et al., 2021). Além disso, o estresse térmico altera
0 metabolismo do nitrogénio, elevando o NUL (GAO et al., 2017), o que sugere menor
eficiéncia de utilizacdo de aminoacidos e maior mobilizacdo sistémica.

A salde da glandula mamaria completa esse conjunto de fatores nao nutricionais.
A mastite, especialmente na forma subclinica e de alta prevaléncia (BUSANELLO et al.,
2017), altera profundamente a composicdo do leite. A inflamagdo compromete a
integridade epitelial e modifica a permeabilidade dos tecidos, reduzindo a sintese de
lactose, deslocando esse aglcar para sangue e urina e proporcionando substrato para
patdégenos (COSTA et al., 2019). Como a lactose determina o volume de leite por sua
fungdo osmdtica, sua reducgdo leva também a queda significativa na producdo. Alteraces
em proteina e gordura dependem tanto da intensidade do processo inflamatorio quanto da
reducdo proporcional da produgdo; aumentos no teor de gordura, por exemplo, podem
refletir efeito de concentracdo (MACHADO et al., 2000; PAIXAQO et al., 2017). A alta
CCS, portanto, ndo apenas reduz solidos verdadeiros, mas compromete a funcionalidade
industrial do leite.

Embora os fatores ndo nutricionais estabelecam os limites fisioldgicos, o0s
determinantes nutricionais modulam diretamente a sintese de gordura e proteina do leite.
A gordura é o componente mais responsivo ao manejo nutricional, principalmente devido
a sensibilidade das vias ruminais de fermentacdo. A ingestdo de amido degradavel e a
disponibilidade de fibra fisicamente efetiva (FDNfe) modulam o pH ruminal e o perfil de
acidos graxos volateis, influenciando a producdo de acetato e butirato, precursores da
sintese de novo de acidos graxos (BRADFORD; ALLEN, 2004; ZEBELI et al., 2012;
WOOLPERT et al., 2017). Quando o ambiente ruminal favorece a rota alternativa de
biohidrogenacdo, especialmente em condi¢cdes de baixo pH ou excesso de &cidos graxos
insaturados, ocorre formacdo de intermediarios como o CLA trans-10, cis-12, potente
inibidor da sintese de gordura na glandula mamaria (BAUMAN; GRIINARI, 2001;
LOCK et al., 2006; JENKINS, 2014). Essa depressao da gordura (DGL) representa uma
das respostas nutricionais mais estudadas, sendo classicamente associada a dietas ricas
em amido, baixa FDNfe ou ingestdo elevada de lipidios insaturados.

Variaveis de manejo, como frequéncia de alimentacdo, qualidade da mistura da
TMR e espaco de cocho, também influenciam a estabilidade ruminal e,
consequentemente, o teor de gordura (WOOLPERT et al., 2017; OETZEL, 2007). A

selecdo contra particulas longas reduz o teor de FDNfe ingerido, aumentando o risco de
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acidose e de DGL, enquanto uma dieta bem misturada reduz varia¢fes individuais
(MILLER-CUSHON; DEVRIES, 2017; MAULFAIR et al., 2013).

A proteina do leite, por sua vez, depende principalmente da producédo de proteina
microbiana (Pmic) no ramen e do aporte de aminoacidos essenciais provenientes da
proteina metabolizavel (PM). A sintese de Pmic, responsavel por 45-55% da PM
absorvida (NASEM, 2021), é influenciada pela energia fermentavel, pela degradabilidade
do amido, pela digestibilidade da FDN e pela disponibilidade de proteina degradavel no
ramen (OBA; ALLEN, 2003; DEPETERS; CANT, 1992; SCHWAB; BRODERICK,
2017). Desbalanco entre carboidratos e proteina degradavel pode reduzir a sintese
microbiana e, em casos de acidose subclinica, comprometer ainda mais a utilizacdo de
nitrogénio (ALLEN, 1999). Aminoacidos como lisina, metionina e histidina sao
frequentemente limitantes para sintese de proteina do leite, justificando o uso de
suplementos ruminalmente protegidos (SCHWAB; BRODERICK, 2017; RIUS et al.,
2010).

Niveis de NUL refletem essa interacdo entre proteina e carboidratos, sendo
influenciados tanto pela dieta quanto por variaveis nao nutricionais como producéo, raca
e estagio de lactacdo (DOSKA et al., 2012). Excesso de PB ou falta de energia
fermentavel aumentam o NUL (NOUSIAINEN, 2004), enquanto dietas adequadamente
balanceadas promovem maior eficiéncia no uso do nitrogénio.

Assim, a composicdo do leite emerge da interacdo dindmica entre metabolismo
ruminal, metabolismo intermediario, fisiologia mamaria, ambiente térmico, estado
sanitario e genética. Os fatores ndo nutricionais estabelecem o potencial e as restricdes de
cada animal, enquanto os fatores nutricionais modulam a expressdo desse potencial no

curto prazo.

2.3 Ritmos sazonais e varia¢ao anual da composicao do leite

A variagdo sazonal da composicdo do leite € um fendbmeno amplamente
reconhecido e com impacto direto sobre a qualidade industrial, o rendimento de derivados
e a eficiéncia dos sistemas de producdo (BERNABUCCI et al., 2015). Ao longo do ano,
oscilacdes previsiveis nos teores de gordura, proteina, lactose e solidos totais refletem
tanto mudancas ambientais, quanto ajustes homeostaticos que acompanham variac6es
metabolicas e hormonais do animal (NIU et al., 2014; BERNABUCCI et al., 2015). Por
décadas, esse comportamento foi atribuido quase exclusivamente a nutricao e ao estresse
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térmico (PALMQUIST et al., 1993), sob a premissa de que a flutuagcdo anual seria
resultado direto da qualidade da dieta, do manejo de pastagens e das condicGes climaticas.
No entanto, evidéncias recentes demonstram que fatores extrinsecos ndo explicam
integralmente o padrdo ciclico observado, sugerindo a existéncia de mecanismos
fisioldgicos enddgenos que modulam a lactagdo ao longo do ano.

Estudos em mamiferos mostram que a fisiologia reprodutiva, metabdlica e
termorregulatéria é estruturada em torno de ritmos circanuais sincronizados pelo
fotoperiodo, o qual atua via secre¢cdo de melatonina e modula a atividade do eixo
hipotalamo-hipofisario (LINCOLN et al., 2006). Em bovinos, h& evidéncias de que o
fotoperiodo influencia diretamente a lactacdo por meio da regulacdo de prolactina e
serotonina, hormdnios envolvidos na lactogénese, no comportamento alimentar e na taxa
de secrecéo de leite (CHEW et al., 1979; DAHL et al., 2000; PICCIONE etal., 2012). A
alternancia anual entre dias longos e curtos constitui, portanto, um sinal temporal robusto
que ajusta processos metabolicos de forma antecipatoria, auxiliando o animal a se
preparar para condigdes previsiveis de maior ou menor demanda energética. Esse
mecanismo é coerente com a logica evolutiva que favorece maiores teores de solidos nos
meses mais frios, em funcdo das maiores exigéncias energéticas do neonato nesses
periodos (NASEM, 2021).

A aplicacdo de ferramentas da cronobiologia para o estudo da lactagdo permitiu
aprofundar o entendimento desses fendmenos. Estudos conduzidos nos Estados Unidos
utilizando analise ritmica do tipo Cosinor demonstraram que a gordura e a proteina do
leite seguem um padrdo anual regular, com valores méaximos proximos ao solsticio de
inverno e valores minimos proximos ao solsticio de verdo (SALFER et al., 2019;
SALFER et al., 2020). A consisténcia desses picos e vales ao longo de anos sucessivos e
em regides distintas reforca que o fotoperiodo atua como sincronizador primario desses
ritmos, mesmo diante de variagOes substanciais em manejo, dieta e clima. Como discutido
por Salfer etal. (2019), se nutri¢do ou estresse térmico fossem os principais determinantes
das mudancas anuais, esperar-se-ia alteracdes abruptas e ndo o padrao gradual e continuo
observado nos teores de solidos.

A literatura também indica que calor e nutricdo ndo explicam adequadamente o
padrdo anual. A influéncia do estresse térmico sobre o teor de gordura, por exemplo, é
frequentemente controversa: embora reduza a producéo total de leite, diversos estudos
reportam aumento percentual da gordura durante periodos quentes, em razdo de queda

proporcionalmente maior do volume de leite do que da producéo de gordura (RHOADS
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etal., 2009; WHEELOCK etal., 2010; BAUMGARD et al., 2011; RUNGRUANG et al.,
2014). Esse comportamento é oposto ao padrdo sazonal tipico de reducdo da gordura em
meses de alta temperatura, reforcando que o calor, isoladamente, ndo é responsavel pelo
ciclo anual de sélidos. Da mesma forma, variagcdes nutricionais abruptas tendem a gerar
respostas igualmente abruptas, incompativeis com o padréo lento e gradual observado ao
longo do ano (PALMQUIST etal., 1993; SALFER et al., 2019).

Além disso, estudos de ritmos circadianos mostram que a sintese de leite apresenta
oscilagOes diarias moduladas por horario de alimentacgdo e estado metabolico (NIU et al.,
2014), e que esses ritmos diarios interagem com ritmos anuais de forma integrada. Essa
interacdo sugere a existéncia de uma hierarquia temporal envolvendo relégios biologicos
internos, cuja organizacdo lembra a estrutura cronobioldgica observada em outras
espécies domésticas e selvagens (LINCOLN et al., 2006; PICCIONE et al., 2012).

Do ponto de vista metodoldgico, a ritmometria baseada no modelo Cosinor
tornou-se ferramenta central para quantificar a ritmicidade anual da composicéo do leite.
O modelo ajusta uma fungdo harmonica aos dados temporais, permitindo estimar
parametros biologicamente relevantes, como mesor (valor médio ajustado ao ritmo),
amplitude (intensidade da oscilacdo) e acrofase (momento do pico maximo), conforme
descrito por Bourdon et al. (1995) e sistematizado por Koukkar & Sothern (2006). Esses
pardmetros possibilitam discriminar padrdes ritmicos verdadeiros de flutuagOes aleatorias
e tém sido aplicados com sucesso na caracterizagdo dos ritmos anuais de gordura e
proteina em rebanhos leiteiros de diferentes regides dos Estados Unidos (SALFER et al.,
2019; SALFER et al., 2020).

2.4 Estresse por calor em vacas leiteiras

As mudancas climéaticas ao longo das ultimas décadas resultaram em maiores
periodos de estresse térmico ao longo do ano, desafiando a gestdo da atividade pecuaria
e 0 mecanismo termorregulatorio dos ruminantes (THORTON et al., 2021)

J4 é bem relatado na literatura cientifica os efeitos negativos de altas temperaturas
ambientais sobre indices reprodutivos e produtivos de vacas leiteiras (ROTH, 2020). Com
0 aquecimento global houve o agravamento do problema e maior preocupacéo pela busca
de solugdes, pois regides em que ndo havia o desafio da producdo de leite em altas
temperaturas passaram a enfrenta-lo. O estresse térmico (HS) caracteriza-se pela

combinacdo entre acumulo excessivo de calor e perda da capacidade de dissipacdo
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(BAGATH et al., 2019; GONZALEZ-RIVAS et al., 2020), conforme teoria do estresse
proposta por Selye (1937).

E importante destacar que quanto maior a producdo de leite, maior a
susceptibilidade das vacas ao estresse térmico, portanto, a medida que se avanca em
produtividade por animal, aumenta-se o desafio térmico do animal (ROTH, 2020). O
estresse térmico é um dos fatores de grande importancia e impactam negativamente tanto
0 bem-estar dos animais, quanto o resultado econdmico das fazendas produtoras de leite.

O impacto financeiro se deve, principalmente, a reducdo no teor de proteina e na
producéo total de leite. Pate et al. (2020) relataram prejuizos anuais superiores a 2 bilhdes
de ddlares na bovinocultura devido aos efeitos do estresse por calor. Desse montante,
cerca de 50% sao atribuidos a perdas na bovinocultura de leite (ST.-PIERRE et al., 2003).
Além das perdas em producéo, altas temperaturas podem aumentar os custos com salde
e, em casos mais extremos, pode levar animais a 6bito (DROVERS, 2011).

A reducédo no desempenho produtivo e reprodutivo de vacas leiteiras expostas ao
estresse térmico € oriunda de mudancas fisiolégicas e comportamentais (GONZALEZ-
RIVAS et al., 2020). Como aspecto comportamental, destaca-se que animais em estresse
térmico tendem a aumentar o tempo em pé, reduzir tempo de descanso e ruminacao, além
de reduzir o consumo de alimento para reduzir a producdo de calor metabdlico (BECKER
et al., 2020).

De forma geral, é tido que a faixa de conforto térmico para vacas de leite europeias
varia entre 16-25° C (DAS et al., 2016). Porém, estudos mostram que animais de alta
producdo, devido ao seu maior consumo alimentar, produzem mais calor metabolico e
tem limites de conforto térmico mais baixos: 4-15° C (KLEIN et al., 2014). Na faixa de
temperatura termoneutra vacas leiteiras mantém uma temperatura corporal entre 38,4 e
39,1°C (DAS et al., 2016). Temperaturas ambientais entre 20-25°C em clima temperado
e 25-37°C em clima tropical, prejudicam a dissipacgéo de calor pelas vacas e induzem HS,
gerando sintomas como: elevacéo da temperatura superficial e retal, além de aumento da
frequéncia respiratoria e frequéncia cardiaca (DAS et al., 2016).

Comumente, o indice de temperatura-umidade (THI) é utilizado para avaliar HS
em vacas de leite (BOHMANOVA et al., 2007; WILDRIDGE et al., 2018; AMMER et
al., 2018). O THI é aplicavel para avaliacdo do HS em vacas leiteiras em ambientes
internos ou externos (HILL; WALL, 2015), diferentes climas e sistemas de producéo
(CARABANO etal., 2016; HERBUT; ANGRECKA, 2018).
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Diferentes formulas sdo utilizadas para calculo do THI, sendo dadas em funcéo
das temperaturas do bulbo seco (TBS em °C), umido (TBU em °C), Temperatura do ar
(T em °C), Ponto de orvalho (PO, e, °C) e umidade relativa (UR em %). Algumas dessas
formas de calculo sdo dadas por: THI =T + 0.36 x PO + 41,2 (YOUSEF, 1985); THI =
(0,8 x T) + [UR x (T - 14,3)/100] + 46,3 (BUFFINGTON et al., 1983); THI = 0,72 (TBS
+ TBU) + 40,6 (KADZERE et al., 2002); THI = (1,8 x T + 32) — [(0,55 — 0,0055 x UR)
x (1,8 x T —26)] (LEGRAND et al., 2011).

H& consenso sobre o limite superior critico para o THI. Tradicionalmente perdas
significativas de produtividade de vacas de leite eram atribuidas a valores acima de 72
para THI (VITALI et al., 2009; MESGARAN et al., 2022). No entanto, estudos mais
recentes mostraram que vacas de leite com alto potencial genético para producéo de leite
sofrem estresse térmico e tem perdas produtivas quando o THI ultrapassa (ZIMBELMAN
et al., 2009; MESGARAN et al., 2022). Nesse contexto, 0 monitoramento do THI e de
alguns parametros fisioldgicos de vacas pode ser uma importante ferramenta para
verificar a ocorréncia de HS (HERBUT; ANGRECKA, 2018).

2.5 Respostas fisioldgicas e comportamentais ao estresse por calor

Vacas leiteiras utilizam maultiplas adaptacdes fisioldgicas para regular a
temperatura corporal e manter a homeotermia. Os principais mecanismos agudos para a
perda de calor sdo a perda de calor evaporativo através da transpiracdo e 0 aumento da
taxa de respiracdo (LEMERLE; GODDARD, 1986; KADZERE et al., 2002), aumento no
consumo de agua (SILANIKOVE et al., 1998; BERNABUCCI et al., 2010), e redugdo
no consumo de matéria seca (COWLEY et al., 2015; GAO et al., 2017) para reduzir a
producdo ruminal de calor. Quando a temperatura do hipotdlamo estd acima de valores
criticos ativa-se mecanismos adicionais de perda de calor, como vasodilata¢éo e sudorese
(COLLIER etal., 2019).

Em relacdo a mudancgas comportamentais, experimentos relataram aumento do
tempo em pé e reducdo do tempo deitado, quando vacas estavam sujeitas a condi¢des de
HS (THI >68; COOK et al., 2007; ALLEN et al., 2015; NORDLUND et al., 2019; PATE
et al., 2020).

Quando o THI ultrapassa os valores criticos de 68 (HEINICKE et al., 2018) e 72
(PINTO etal., 2020), ha inicio de alteraces fisiologicas (KADZERE et al., 2002), sendo

que o limiar critico varia conforme o parametro observado. O limite superior critico é
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menor, por exemplo, para mudancas na frequéncia respiratoria do que para alteracdes na
temperatura retal (PINTO et al., 2020).

Al-Qaisi et al. (2019) relataram um aumento de 1,2°C na temperatura retal e um
aumento de 29 respira¢fes/min na taxa de respiracdo para vacas em estresse por calor
induzido comparado a vacas que ndo estavam em estresse por calor. Varios métodos
podem ser utilizados para monitoramento da temperatura dos animais: temperatura
vaginal (SAKATANI et al., 2012), termo-loggers de pele (LEE et al., 2016), temperatura
ruminal (IPEMA et al., 2008), termografia infravermelha (PENG et al., 2019) e
temperatura do leite (WEST, 2003).

Quando o aumento da frequéncia respiratoria ocorre por periodos prolongados, hé
aumento da perda de CO2 e, consequente reducdo do poder de tamponamento do sangue,
podendo acarretar alcalose respiratoria (KADZERE et al., 2002; TAO etal., 2011; PATE
et al., 2020). O HS induz o estresse oxidativo tecidual, com maiores niveis de espécies
reativas de oxigénio (EROs) em animais em HS (PATE et al.,, 2020). Disfuncéo
mitocondrial também foi observada em vacas leiteiras expostas ao HS.

A elevacdo da temperatura ambiental interfere negativamente sobre o centro de
apetite do hipotalamo para induzir a reducdo do consumo de alimento (AMMER et al.,
2018). Vacas em condi¢des neutras de temperatura consomem de 12 a 15 refeicdes por
dia, mas diminuem a frequéncia alimentar para 3 a 5 refei¢Ges por dia durante o estresse
térmico (KADZERE et al., 2002). A reducdo da frequéncia alimentar acarreta necessidade
de refeicdes maiores, podendo influenciar negativamente a satde intestinal.

Menor ingestdo de nutrientes est4 associado a aumento dos niveis plasmaticos de
acidos graxos ndo esterificados (AGNE; RHOADS et al.,, 2009), mas em vacas
submetidas ao HS é comum observar menores niveis de AGNE no plasma (WHEELOCK
etal., 2010; BAUMGARD; RHOADS, 2013). A insulina também é um potente hormonio
antilipolitico (BAUMAN; VERNON, 1993) e o quadro de hiperinsulinemia no HS pode
ser uma explicagdo para menor mobilizacéo de triglicerideos, quando comparado a vacas
em balanc¢o energético negativo. Foi demonstrado que o HS aumenta a lipase lipoprotéica
(SAMMAD et al., 2020). Como a lipase lipoprotéica é a enzima que catalisa a hidrélise
das lipoproteinas de densidade muito baixa sugere-se que ha aumento do anabolismo de
triglicerideos.

Vacas em HS estdo associadas a maior risco de lipidose hepatica (BASIRICO et
al., 2009) e, com isso, reducdo da secrecdo de albumina e da atividade de enzimas
hepéaticas (RONCHI et al., 1999).
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A reducdo de consumo acarreta também em reducdo da mastigacao, ruminacéo e,
consequentemente, reducao da producdo e entrada de tamponantes no rumen (SAMMAD
et al., 2020). Além da reducdo da mastigacdo, ha maior utilizacdo de HCO3 para 0
sistema de tamponamento sanguineo, reduzindo a quantidade de HCO3 disponivel para
sistema de tamponamento ruminal (KADZERE et al., 2002).

Associacao entre hipertermia crénica e inapeténcia grave ou prolongada também
é mencionada na literatura (KADZERE et al., 2002). Mudancas endécrinas como reducéao
de somatotrofinas circulantes e aumento de IGF-1l ajudam a entender a reducdo de
consumo de animais em HS (MCGUIRE et al., 1991).

O HS esté associado a mudancas no eixo hipotalamo-pituitaria-adrenal (HPA),
liberando glicocorticoides e aldosterona (VON BORELL, 2001). Maior liberagdo de
aldosterona estimula a retencao de sddio e excrecdo de potassio pelo sistema renal. Dentre
os glicocorticoides, destaca-se maior secrecao de cortisol em vacas durante o evento de
HS (ELVINGER et al., 2001). Durante 0 HS ha maior producdo de noradrenalina e
epinefrina circulantes (STARKIE et al., 2005). Em ultima instancia, essas alteracdes
enddcrinas reduzirdo niveis de tiroxina (T4) e triiodotironina (T3) no plasma, reduzindo
0 metabolismo basal e, consequentemente, producéo de calor (GAUGHAN, 2012).

E relatado na literatura aumento da concentracdo plasmatica de horménio
antidiurético (ADH) em bovinos durante eventos de HS, podendo resultar em débito
urinario (SAMMAD, 2020), podendo ser uma forma de compensacdo do organismo para
as perdas de agua na forma de sudorese. Aumento das concentracGes de prolactina
também foram observadas durante HS, que podem estar envolvidas no aumento do
suprimento de agua e eletrolitos (COLLIER et al., 1982).

Trabalhos com vacas em HS crbnico demonstraram reducdo dos niveis
plasmaticos de somatotropina (MCGUIRE et al., 1991; SUNDRUM, 2015) e de RNAm
do IGF-1 no figado (RHOADS et al., 2010), importantes hormdnios para producéo de
leite.

O HS também altera 0 metabolismo de carboidratos e homeostase de glicose
(WHEELOCK et al., 2010; RHOADS et al., 2007). Baumgard et al. (2011) também
relataram mudancas no metabolismo p6s absortivo de glicose em vacas submetidas HS.

Mesmo quando ha ingestdo semelhante de nutrientes, vacas em condi¢des termo
neutras parecem reduzir a utilizacao de glicose dependente da insulina, enquanto o grupo
em estresse por calor mantéem a utilizacdo da glicose dependente da insulina, tanto em

tecidos periféricos, quanto no figado, aumentando a gliconeogénese durante o evento de
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estresse por calor, indicando que a adaptacéo hepética a reducédo da ingestéo de nutrientes,
em termos de metabolismo de glicose, difere com variacGes na temperatura ambiental
(WHEELOCK et al., 2010). Baumgard e Rhoads (2013) relataram que o aumento da
concentracdo plasmatica de prolactina poderia estar associado ao suporte da
hiperinsulinemia, comumente observado em vacas em HS. Maior quantidade de
transportadores de glicose independentes de insulina (GLUTS) foram observados in vitro
para situacdo de HS, comparado a situacéo termoneutra (AHMED; BERRIDGE, 1998).

Maior secrecdo de glicocorticoides devido a mudancas no eixo hipotadlamo-
pituitaria-adrenal (HPA), tambem estdo associadas a mudancas no metabolismo de
carboidratos (VON BORELL, 2001). Quando submetidas a HS pode haver reducdo da
quantidade de receptores de GH em vacas de leite, que podem estar envolvidas na
regulacdo da gliconeogénese (RHOADS et al., 2007). Qu et al. (2015) demonstraram
aumento dos niveis de IGF-1 em vacas lactantes submetidas a HS, indicando aumento de
processamento de triglicerideos no figado.

Em vacas submetidas a hipertermia ocorre a ativacdo do sistema nervoso
autdbnomo, mediado por adrenalina e noradrenalina que acarreta 0 aumento frequéncia
respiratoria e cardiaca e do ritmo de recirculacdo de sangue com um fluxo secundario
restrito de sangue e nutrientes para o trato gastrointestinal (TGI), consequentemente
alterando o metabolismo celular de Ca e energia nos tecidos do TGI, reduzindo a
capacidade adaptativa ao calor (HALL et al., 2001).

Estudos in vitro e in vivo ja mostraram que o calor pode afetar a permeabilidade
e funcéo intestinal (LAMBERT et al., 2002; DOKLADNY et al., 2006) e Fontoura et al.
(2022) demonstrou efeito similar em trabalho in vivo com vacas submetidas a HS. Maior
fluxo sanguineo periférico e menor disponibilidade de fluxo de sangue no TGI durante o
HS (LAMBERT, et al., 2002) pode acarretar maior risco de hipdxia intestinal (HALL et
al., 1999; HALL et al., 2001) e afrouxamento das juncdes estreitas intestinais e, assim,
aumentar a passagem de LPS para o sangue (LAMBERT, et al., 2002; HALL etal., 2001).
A inflamacdo induzida por LPS pode ativar a resposta imune, o que condiz com 0s
achados que o estresse oxidativo, pode levar a inflamacdo e disfuncdo imunologica,
ambos contribuindo para disturbios metabolicos (DU et al., 2018; ZHU et al., 2019).

O HS acarreta maior permeabilidade do epitélio mamario de vacas em lactacéo,
prejudicando a integridade do epitélio (WENG et al., 2018).

O estresse térmico afeta diretamente o metabolismo de vacas leiteiras. Cowley et

al. (2015) relataram que o estresse térmico pode afetar o metabolismo de compostos



28

nitrogenados e alterar a particdo do N em dietas de vacas leiteiras, com reducdo do teor
de proteina do leite e aumento nos teores de nitrogénio ureico no leite.

Devido a reducdo dos niveis séricos de AGNE nas vacas em HS, ha reducdo na
disponibilidade de &cidos graxos volateis (AGVs), fazendo com que glicose e AA sejam
0s substratos oxidativos mais disponiveis. Com isso é normal observar aumento nos
niveis plasmaticos de nitrogénio ureico em vacas em HS (SHWARTZ et al., 2019).
Marcadores de catabolismo muscular como 3-metil-histidina ou a creatina, encontram-se
comumente elevados no plasma de vacas lactantes em HS (SCHNEIDER et al., 1988).

A concentracdo sanguinea de alanina, glicose, aspartato e glicina, associada a
gliconeogénese, mostra-se significativamente aumentada sob HS (GUO et al., 2018).

Variacdo altamente significativa de hematdcrito, hemoglobina, glicose
plasmatica, proteina total e albumina tem sido relatada para vacas avaliadas em diferentes
temperaturas ambientais (SEJIAN et al., 2013).

As adipocinas, ou adipocitocinas, sdo citocinas e constituem em um hormonio
peptidico normalmente produzido pelo tecido adiposo saudavel e conhecido por sua agéo
sensibilizadora da insulina. Além da sensibilidade a insulina, essas moléculas podem
influenciar uma variedade de processos fisioldgicos, entre eles, o controle da ingestdo
alimentar, homeostase energética, angiogénese, protecdo vascular, regulacdo da pressao
e coagulacdo sanguinea (BOOTH et al., 2005). As adipocinas estdo associadas com
estresse oxidativo e processos inflamatérios (MCGOWN et al., 2014; MURRI et al.,
2014).

Proteinas de choque térmico (HSPs) sdo as moléculas mias comumente relatadas
e estudadas em quadros de hipertermia. Estio envolvidas na protecdo celular e a HSP70
tem um papel de destaque nessa cadeia, sendo um bom preditor para HS (MIZZEN;
WELCH, 1988; SAMMAD, 2020). Foi demonstrado que o HSP 70 estd presente
extracelularmente em ratos, humanos e bovinos (KRISTENSEN et al., 2004; FLESHNER
E JOHNSON, 2005) e que os niveis plasmaticos de HSP 70 aumentam em resposta a uma
variedade de fatores de estresse (JOHNSON et al., 2005; ANEJA et al., 2006).

A resposta ao estresse térmico € uma cascata altamente conservada de ativacdo
proteica e de alteracdo da expressao genética (SONNA et al., 2002; COLLIER et al.,
2006). A expressdo genética desta rede de ativacdo estd sob regulacdo do fator de
transcricdo de choque térmico (HSF; PIRKKALA et al., 2001; PAGE et al., 2006). A alta
expressdo de HSPs durante o estresse por calor esta associado a citoprotecdo contra

hipertermia, choque circulatério e isquemia cerebral (LEE et al., 2006).
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Tradicionalmente, a resposta ao HS ¢é considerada um fendmeno intracelular com
pouca ou nenhuma associacdo com sinalizacdo extracelular, porém, Collier et al. (2008)
propOs que a resposta do HS esta totalmente integrada com a resposta fisiolégica ao
estresse e deve ser considerada como um componente de uma rede genética sistémica,
incluindo células e tecidos.

A exposicdo celular a temperatura elevada induz uma série de anomalias na funcéo
celular (SONNA et al., 2002), que incluem: inibicdo geral da sintese proteica, defeitos na
estrutura e funcéo proteica, alteragdes morfoldgicas devido a rearranjos de citoesqueleto,
mudancgas no metabolismo, alteracdes na dindmica da membrana celular e fluidez, e
diminuicdo da proliferagdo celular. Essas anomalias invocam grandes mudangas na
transcricdo genética e na sintese proteica conhecida como resposta ao estresse por calor
(LANKS, 1986; LINDQUIST, 1986). O tempo e 0 sucesso dessas alteracdes, em dltima
andlise, determinam a sobrevivéncia celular e aclimatagdo ou morte celular (COLLIER
et al., 2008). Além disso, cada tecido ou tipo celular tera uma resposta e um nivel de
tolerancia préprio ao HS (COLLIER ET AL., 2008).

A ativacdo do sistema de transcricdo de choque térmico (HSF) inicia-se com
temperaturas superiores a 35° C e, segundo Collier et al. (2008), as alteracdes na
expressao genética incluem 1) ativacdo do sistema HSF; 2) aumento da expressdo de
proteinas do choque térmico (HSP) e reducdo da expressdo e sintese de outras proteinas;
3) aumento da oxidacdo da glicose e aminoacidos e reducdo do metabolismo de &cidos
graxos; 4) ativacdo enddcrina do sistema da resposta ao estresse; e 5) ativacdo do sistema
imunoldgico através de secrecdo extracelular de HSP. Se o estresse persistir, essas
alteracbes na expressdo genética levam a um estado fisioldgico alterado chamado de
aclimatacdo, um processo amplamente controlado pela expressdo genética alterada em
resposta aos sinais enddcrinos, visando minimizar os impactos negativos do HS no
organismo animal. O tempo para aclimatizacdo varia, conforme o tecido ou célula,
podendo ser de horas a semanas. Determinar a base para o metabolismo energético
alterado durante o estresse térmico levara a oportunidades de melhor desempenho animal
por meio de um manejo nutricional alterado (COLLIER et al., 2008).

Animais podem ter diferentes manifestacdes fisioldgicas quando expostos ao HS,
sendo que alguns individuos podem ter maior tolerancia a esses eventos, indicando
inclusive participacdo de fatores genéticos. Dessa forma, a identificacdo de vacas com
fendtipos termotolerantes (AMAMOU et al., 2019), associado a utilizacdo de técnicas
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gendmicas pode auxiliar no efetivo ganho genético para resisténcia ao HS (CARABANO
etal., 2019).

Com todas as mudancas metabdlicas, bioquimicas e fisiolégicas que ocorrem
durante HS, trabalhos estimam um aumento de 25-30% da energia necessaria para
mantenca em vacas durante o HS (SAMMAD et al., 2020).

2.6 Estresse por calor e perdas produtivas

Devido as mudangas fisiolégicas durante o HS, ha a maior gasto energético, que
deveria ser compensado com uma maior ingestdo de MS, porém, como 0 consumo
diminui, o HS impacta negativamente uma variedade de parametros produtivos, incluindo
producdo e composicdo do leite (PRAGNA et al., 2017), crescimento, reproducdo e
qualidade de carcaca (VITALI et al., 2009).

Wang et al. (2010) relataram que, devido a redugdo no consumo de alimentos e
aumento na exigéncia de mantenca, vacas em estresse térmico podem diminuir a
disponibilidade de nutrientes para a producéo de leite. A transformacdo da glicose em
combustivel preferencial nos quadros de HS é fator chave para comprometimento das
respostas fisioldgicas homeostéaticas e para reducéo do potencial produtivo e reprodutivo
das vacas em HS (SAMMAD et al., 2020).

Archer et al. (2013) relataram maior contagem de células somaticas no leite
durante o verdo, Smith et al. (2013) e Liu et al. (2017) relataram a reducéo do teor de
gordura do leite de vacas Holandesas e Jersey submetidas ao estresse térmico e
Bernabucci et al. (2015) verificaram que em situacfes de estresse térmico, poderia ocorrer
reducdo no teor de proteina do leite, através da reducéo da concentracéo de caseina.

A reducdo na ingestdo de matéria seca acarreta menor disponibilidade de
nutrientes para os animais, incluindo os aminoacidos. Esse cenério é ainda mais critico
para dietas deficientes em AA, pois acarreta aumento do gasto energético para
mobilizacdo de AA de origem tecidual (PATE et al., 2020).

Historicamente, a reducdo no consumo de matéria seca (CMS), durante os eventos
de estresse por calor, tem sido considerada o principal fator para reducéo da producéo de
leite (BEEDE; COLLIER, 1986; WEST, 1999). No entanto, alguns trabalhos relataram
que a reducdo no CMS representa aproximadamente 35 a 50% da redugéo na producéo

de leite e que outras alteracdes fisiologicas e metabdlicas mais crbnicas também
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influenciam diretamente perdas de produgdo (WHEELOCK et al., 2010; BAUMGARD
etal., 2011, RHOADS et al., 2009).

Dentre as outras possiveis explicacdes para reducdo no desempenho de vacas
leiteiras em estresse por calor, cita-se a reducdo da disponibilidade de aminoacidos
precursores de proteina do leite na glandula mamaria, devido ao aumento da utilizacdo de
AA para outros processos bioquimicos, como a gliconeogénese, sintese de proteinas de
respostas da fase aguda do sistema imunoldgico e sintese de proteina de choque térmico
(BERNABUCCI; CALAMARI, 1998; COLLIER etal., 2008; BAUMGARD; RHOADS,
2013; RIUS, 2019). Além disso, alteracdes independentes no metabolismo pds-absortivo
de glicose e lipidios estdo associadas como causas adicionais das perdas de produtividade
(WHEELOCK etal., 2010).

A hiperinsulinemia e falha na mobilizacéo do tecido adiposo sdo apontadas como
falhas de mecanismos poupadores de glicose, acarretando maiores gastos energéticos por
vacas em HS e, consequentemente, menor energia disponivel para lactacdo
(WHEELOCK et al., 2010; RHOADS et al., 2009). Para suportar a produgéo de leite é
necessario o aporte de glicose para producdo de lactose, porém, as adaptacdes metabdlicas
para gerar menos calor metabdlico, com destinacdo da glicose para outras funcbes pode
ser uma das explicacdes para reducdo na producédo de leite em vacas em HS (SAMMAD
et al., 2020).

As perdas produtivas de vacas em diferentes estagios de lactacdo sédo relatadas em
diferentes magnitudes durante o HS. Foi observado um declinio de 35% de producédo para
vacas no meio da lactagdo (RHOADS et al., 2009) e 14% para vacas no inicio da lactacao
(BERNABUCCI et al., 2010). Mecanismos adicionais precisam ser mais bem elucidados
e podem auxiliar na compreensédo das perdas de producéo de leite em HS. Silanikove et
al. (2009), por exemplo, mostrou que um derivado da b-caseina age como um ligante e se
liga as células epiteliais mamarias, interrompendo os canais de potassio e, finalmente,
reduzindo a sintese de leite em quadros de HS, por gerar incapacidade de utilizacdo de
precursores do leite oriundos do sangue.

De forma geral, a criticidade das respostas inflamatdrias em vacas de leite, que é
um evento comumente relatado em exposicdo ao HS (PATE et al., 2020), pode ser
caracterizada por um aumento da concentracdo circulante de haptoglobina, que consiste
em uma proteina de fase aguda positiva, e menor biossintese de albumina, uma proteina
de fase aguda negativa (BERTONI et al., 2008). Normalmente, os niveis de haptoglobina

mostraram-se evidentemente mais elevados em vacas leiteiras nao saudaveis do que em
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animais saudaveis (STEFANSKA et al., 2018). Mesgaran et al. (2022), avaliando vacas
em HS, observaram menores concentracdes de haptoglobina quando utilizada
suplementacdo com Zinco e MPR em comparacdo ao grupo sem suplementacdo. Tais
achados indicam menor propensao a inflamagdo aguda e, consequentemente, melhor
estado de satde em vacas que suplementadas com MPR e Zinco, durante o periodo HS.

A inflamacdo e vacas de leite esta diretamente ligada a capacidade produtiva,
Bertoni et al. (2008) observaram que vacas com altos indices de inflamacdo produziram
20% menos leite durante o primeiro més de lactacdo do que vacas com menores indices
de inflamagéo.

Vacas em HS tendem a maior ativacdo do sistema imunoldgico e,
consequentemente, maior resposta imune do sistema mamario (SALAMA et al., 2020), o
que ajuda a explicar o aumento da contagem de células soméaticas comumente observada
em vacas lactantes em HS (ARCHER et al., 2013; HAGIYA et al., 2017).

Como consequéncia direta do HS, hd aumento do estresse oxidativo no organismo,
resultando em desequilibrio de moléculas antioxidantes e oxidativas, como espécies
reativas de oxigénio e peroxidos lipidicos (MESGARAN et al., 2021).

Oxilipideos sdo importantes mediadores de regulacao para equilibrio das respostas
pré e anti-inflamatdria e qualquer alteracdo no metabolismo lipidico pode acarretar danos
na funcéo dos oxilipideos (SORDILLO, 2018). Nesse contexto, o estresse oxidativo pode
aumentar a producao de oxlipidios derivados do metabolismo de &cidos graxos dmega-6
da membrana celular e pode contribuir para processos inflamatérios (LOOR et al., 2013;
MAVANGIRA; SORDILLO, 2018).

O malonaldeido (MDA) consiste em uma molécula de potencial citotoxicos, pois
oxida DNA, proteinas e lipidios e estabelece ligaces cruzadas entre grupos laterais AA
e estad associada a quadros de HS (BERNABUCCI et al., 2002). Nesse contexto, detec¢cdo
de MDA pode ser utilizado como indicador de efeitos sisttmicos de estresse oxidativo
persistente. O estresse oxidativo € um dos fatores que estd diretamente relacionado com
reducdo da capacidade imunoldgica durante 0 HS. Assim, a alteracdo dos metabdlitos
oxidativos em vacas influenciaria a producdo de citocinas (SORDILLO; RAPHAEL,
2013).

Vacas em HS também estdo mais propensas a problemas de saude. Vacas leiteiras
de transicdo de verdo sdo mais propensas a desenvolver cetose subclinica ou clinica
(GANTNER et al., 2016) e estdo sob maior risco de figado gorduroso (BASIRICO et al.,

2009). A necessidade de utilizacdo de dietas mais densas e a menor capacidade de
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tamponamento ruminal aumenta as chances de acidose subclinica em vacas em HS.
Eventos de HS também estdo associados a maior incidéncia de patdgenos ou seus vetores
(CHIRICO et al., 1997) ou reducdo da capacidade defensiva de vacas (GIESECKE,
1985), aumentando a incidéncia de doencas patogénicas. Ha relatos de hipocalcemia
sérica em vacas de leite em HS, com consequéncia de aumento no risco de manifestacéo
de doencas uterinas (MARTINEZ et al., 2012).

Problemas reprodutivos estdo associados a vacas em HS (ROTH, 2020). O HS
pode gerar consequéncias negativas de forma direta e indireta para o sistema reprodutivo
(SAMMAD et al., 2020). Os efeitos diretos originam-se do comprometimento do
ambiente folicular dos ovérios e de danos ao desenvolvimento dos odcitos (PAES et al.,
2016), ao passo que os efeitos indiretos estdo relacionados a influéncia do HS sobre
aspectos de nutricdo e de producdo de proteinas e horménios relacionados ao sistema
reprodutivo (PAES et al., 2016; ROTH, 2020).

A reducéo do consumo e mudancas de particionamento de nutrientes € a primeira
causa para reducdo da disponibilidade de nutrientes para reproducdo. S&o muitos 0s
aspectos fisioldgicos envolvidos no HS que prejudicam a reproducdo de vacas de leite,
dos quais destaca-se: maior dificuldade em identificacdo de estro (menor intensidade e
duracdo) (HEIN; ALLRICH, 1992; HANSEN, 2019; ROTH, 2020); reducdo na
viabilidade do sémen (no caso de machos) e no desenvolvimento do oécito (HANSEN,
2019; ROTH, 2020); aumento da mortalidade embrionaria, especialmente até sete dias;
alteragcdo na dindmica de crescimento folicular; alteragéo no perfil hormonal com menor
nivel de estradiol no estro, menor secrecdo de LH (GILAD et al., 1993) e maior de FSH
(HANSEN, 2019; ROTH, 2020). Elevacao do nivel plasmatico de cortisol é relatado em
HS e esta envolvido em prejuizos reprodutivos (ELVINGER et al., 1992). Niveis altos de
corticotrofina (ACTH) estdo associados ao bloqueio de manifestacdo de estradiol e,
consequentemente, do estro e aumento da secre¢do de corticosteroides pode inibir LH
(GILAD etal., 1993).

2.7 Estresse por calor e reducdo na sintese de proteina do leite

O HS afeta negativamente a sintese de proteina do leite, que consiste em
importante parametro de qualidade do produto (RHOADS et al., 2009; WHEELOCK et
al., 2010; GUO et al., 2021). Essa reducdo na sintese de proteina €, na maioria dos
trabalhos, atribuida a reducdo do consumo de alimentos (FUQUAY, 1981; BEEDE;
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COLLIER, 1986; WEST, 1999; PATE et al., 2020). Porém, estudos com alimentac&o por
pares ja demonstraram que a reducdo de consumo explica apenas parte das reducGes na
producdo de proteina (WHEELOCK et al., 2010; BAUMGARD et al., 2011.
BAUMGARD; RHOADS, 2013; GAO et al., 2017).

O HS, além de reduzir o teor de proteina, altera o perfil de AA do leite, sugerindo
maior mobilizacdo de AA para resposta imune e gliconeogénese, em detrimento da sintese
proteica do leite em vacas sob HS (GUO et al., 2018; GUO et al., 2021), explicado
principalmente pela reducdo de AGNE circulante.

O elevado catabolismo proteico fora da glandula mamaria e o consumo de
aminoacidos durante para outras funcdes metabdlicas durante HS tém sido apontado
como principal justificativa para reducdes na produgéo de proteinas e leite (GAO et al.,
2017). A reducédo da capacidade de absorcdo intestinal de AA durante o HS, com
consequente menor disponibilidade de AA para glandula mamaria também é uma
possivel hipotese redugdes na producéo de proteinas e leite (MCGUIRE et al., 1989) .

Nardone et al. (2006) encontraram reducdo nos percentuais de caseina,
lactalbumina, imunoglobulina G, imunoglobulina A durante o HS. Cerca de 80% das
alteracdes encontradas foram associadas a perda de produtividade e 20% a problemas de
salde que podem ser devidos a ruptura do mecanismo interno de homeostase de vacas
leiteiras (NARDONE et al., 2006). A reducdo dos niveis de proteina do leite das vacas
em HS (RHOADS et al., 2009) mostra que a reducdo de sintese de alfa e b-caseina é a
mais suscetivel nessas condi¢des (BERNABUCCI et al.,, 2002). Concentracdo
plasmaticas de Lis menores foram encontradas para vacas em HS, quando comparadas a
vacas termo neutras (GUO et al., 2018).

Estudos sugerem que HS causa estresse oxidativo (EO) com altos niveis de
espécies reativas de oxigénio e nitrogénio nos tecidos, que pode resultar em inducdo de
apoptose celular, reduzindo o numero de células epiteliais maméarias, além de
desregulacdo enddcrinas, que em Gltima instancia podem atuar na redugédo de produgéo
de proteina no leite (GUO et al., 2021).

Em resumo, danos diretos ao tecido mamario, reducdo da capacidade de
funcionamento da glandula mamaria, mudancas no metabolismo energético, mudancas
na concentracao de hormonios envolvidos na lactacdo e aumento do catabolismo proteico
sdo o0s principais mecanismos para explicar as perdas de producdo de leite de vacas
durante 0 HS (SAMMAD et al., 2020).
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2.8 Mitigacdo dos efeitos negativos do estresse por calor em vacas leiteiras

Ha varias propostas para minimizar os efeitos negativos do estresse por calor em
vacas leiteiras: pulverizacdo, ventilacdo, sombreamento (BECKER et al., 2020). Embora
esses manejos sejam comumente adotados, o estresse por calor ainda causa problemas
econémicos significativos para os produtores de leite (PATE et al., 2020) e outras
iniciativas devem ser utilizadas para tentar minimizar o problema, tais como as estratégias
nutricionais.

E importante ressaltar que a primeira acio para reducio de impactos negativos do
HS em vacas de leite deve ser o resfriamento ambiental, com redugéo da temperatura nos
galpdes ou resfriamento diretamente dos animais, sendo tais manejos as estratégias de
maior retorno (HANSEN, 2019; ROTH, 2020). Apo6s realizado ajustes no ambiente,
estratégias nutricionais e de biotecnologias da reproducdo podem ser utilizadas para obter
melhores resultados em situacdo de HS.

O consumo deficitario de todos os nutrientes, em especial: aminoacidos, minerais
e vitaminas que participam de moléculas antioxidantes pode reduzir a capacidade do
organismo de sintese dessas moléculas e agravar o quadro de HS (por exemplo:
metionina, vitamina E, selénio, cobre, zinco). O menor consumo desses nutrientes pode
ocorrer principalmente por reducdo no consumo de matéria seca como consequéncia de
resposta fisiologica das vacas em tentar reduzir o calor metabélico (DU etal., 2018; ZHU
etal., 2019).

Para compensar a reducdo do CMS em vacas em HS, o aumento da densidade
energética da racdo é uma importante ferramenta para garantir o adequado suprimento
nutricional (DRACKLEY et al.,, 2013). Apesar de ser importante estratégia para
minimizacao de impactos negativos do HS é necessario cuidado extra, pois, por alteracdes
fisiologicas ja mencionadas, vacas em HS podem estar mais susceptiveis a acidose. O
adensamento energético € uma estratégia importante, pois além da redugdo no CMS, HS
acarreta alteragbes do metabolismo energético, respostas inflamatorias e disfuncéo
imunologica, aumentando as demandas energéticas dos animais. (DU et al., 2018; ZHU
etal., 2019).

Devido ao aumento da utilizacdo de AA limitantes da producao de leite para outras
fungdes metabdlicas, que ndo a sintese de proteina pela glandula mamaria, a adequacao
do fornecimento de proteina ndo degradavel no rimen (PNDR), principalmente com a

utilizacdo de AA protegidos da degradacdo ruminal, é uma alternativa recorrentemente
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proposta em diversos trabalhos para minimizar efeitos negativos da reducdo do CMS.
Essa alternativa é capaz de auxiliar a producao de leite e a concentracdo de proteinas e
gordura no leite, a0 mesmo tempo em que melhora as respostas as condicdes de HS
(OSORIO et al., 2013; ZHOU et al., 2016; BATISTEL et al., 2017). A adequada
suplementacdo de AA também tera efeito na reducdo da producdo de calor oriunda da
mobilizacdo de proteina corporal (PATE et al., 2020), além de AA como Met ser
constituinte de diversas moléculas atuantes na atenuacdo dos impactos negativos do HS,
como glutationa peroxidase, por exemplo.

Maior suplementacéo de minerais como sddio e potassio também sdo importantes,
devido as perdas por sudorese (SAMMAD et al., 2020). Microminerais como Mn, Zn,
Mo, P, e Se foram capazes de promover melhorias no estado fisiol6gico de vacas leiteiras
em HS (BICALHO et al., 2014). Vitaminas do complexo B, acido ascorbico, vitamina E
(tocoferol), niacina protegida da degradacdo ruminal e acido nicotinico também
demonstraram potencial de melhorar o estado fisiologico de vacas leiteiras em HS (DI
CONSTANZO, 1997).

Inclusdo de iondforos e monensinas demonstrou potencial de melhoria sobre o
metabolismo energético e parametros produtivos de bovinos submetidos ao HS
(BAUMGARD; RHOADS, 2011; BARRERAS et al., 2013). A incluséo de bicarbonatos
na dieta também demonstraram potencial de auxiliar na manutencdo do pH ruminal e
reposicdo do HCO3 desviado para tamponamento sanguineo (SAMMAD et al., 2020).
Utilizacdo de dietas ani6nicas também pode auxiliar para minimizar os impactos do HS
(WILDMAN et al., 2007). Uso de niacina mostrou potencial de melhorar o metabolismo
em vacas leiteiras em HS (DI COSTANZO et al., 1998). Utilizagdo de 6leo de palma na
dieta aumentou o consumo alimentar e reduziu os sinais de HS (MELO et al., 2018).

O uso de tiazolidinedionas (TZD), também conhecidas como glitazonas,
mostraram potencial de aumentar a producdo de proteinas do choque térmico
(TANIGUCHI, 2006), melhorar utilizacdo de glicose (SCHOENBERG; OVERTON,
2011) e o metabolismo energético (RANGANATHAN et al., 2006), podendo ser uma
alternativa atil ao HS. Suplementacdo com cromo também estd sendo demonstrada para
melhorar o metabolismo energético e a producao de vacas em HS e uma das expicacdes
é a participacdo desse mineral em enzimas antixoidantes (BIN-JUMAH et al., 2020).

Para reducdo dos prejuizos reprodutivos causados por HS, uma série de
biotecnologias reprodutivas vem sendo estudadas e podem ser adotadas para aumentar

taxas reprodutivas no verao, tais como: utilizacédo de inseminacéo artificial em tempo fixo
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para reduzir a necessidade de identificacdo de estro, tratamentos hormonais como a
utilizacdo de analogos mais ativos de mais ativos do GnRH, utilizacdo de implantes de
progesterona, aplicacdes de HCG, dentre outras (HANSEN, 2019; ROTH, 2020).
biotecnologias apresentadas devem ser ajuste fino do sistema, sendo recomendadas
apenas de forma complementar ao resfriamento ambiental ou dos animais. Portanto, é
importante ressaltar que a reducdo da temperatura nos galpdes ou diretamente dos
animais, deve ser o primeiro passo para obtencdo de mehores indices reprodutios de vacas
em HS (HANSEN, 2019; ROTH, 2020).

Outra estratégia de longo prazo para aumentar a tolerancia de vacas leiteiras ao
estresse térmico é a selecdo genética, pois ha herdabilidade na raca holandesa de
caracteristicas como: capacidade de manutencdo da temperatura corporal mais baixa em
situacdes de estresse térmico e capacidade de manutencdo da producéo de leite em estado
de estresse (HANSEN, 2019; CARABANO et al., 2019). Para viabilizagdo do
melhoramento genético deve-se promover a sistematizacdo de registros fenotipicos e
genotipicos, a fim de possibilitar a identificacdo de animais tolerantes ao calor em racas
de alta producdo (AMAMOU et al., 2019).

E possivel a insercdo de novos genes nas racas produtoras de leite para garantir
melhor adaptacdo em situacdes de elevadas temperaturas (HANSEN, 2019). Para tal seria
necessario a abordagem baseada em diferencas nas caracteristicas anatdmicas e
morfoldgicas, que explicam parcialmente as diferencas de tolerancia ao calor entre
espécies e racas (WEST, 2003; DIKMEN; HANSEN, 2009; HANSEN, 2019).

2.9 Utilizacdo de metionina como estratégia para mitigacao de efeitos negativos do
HS

A metionina é conhecida por ser um AA essencial que auxilia na melhoria do
metabolismo e a salde de vacas leiteiras (BATISTEL et al., 2017; MESGARAN et al.,
2022). A Met tem fungbes importantes no organismo além da sintese proteica, tais como:
metilacdo de DNA, regulacdo da traducdo e sintese de outras moléculas, parte de
moléculas importantes do sistema imunoldégico e do metabolismo antioxidante
(BATISTEL etal., 2017).

Tradicionalmente, ha dois métodos comerciais mais utilizados para protecdo de
Met da degradacdo ruminal. Um desses métodos é protecdo por etil-celulose que visa a

liberacdo do AA por abraséo do revestimento ao longo do trénsito intestinal, geralmente
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resultando em um fluxo mais lento de Met e menores concentragfes séricas do AA no
plasma de vacas (BLUM et al., 1999; SUDEKUM et al., 2004). O outro método mais
comumente encontrado é o revestimento por co-vinyl-polimero (MET-cop), que possui
sensibilidade a menores valores de pH, resultando em répida liberacdo de MET no
abomaso, resultando em maiores concentracdes séricas de Met (BLUM et al., 1999;
SUDEKUM et al., 2004). Uma meta analise recente, porém, ndo encontrou correlacédo
entre concentracGes plasmaticas de Met no sangue e o desempenho de vacas (PATTON
et al., 2022), tendo encontrado efeitos benéficos no desempenho para os dois métodos de
revestimento.

Embora a utilizagdo de metionina protegida da degradagdo ruminal (MPR) para
minimizacao de impactos negativos do periodo de transi¢do seja bem conhecida, poucos
trabalhos estudaram a utilizagdo desse ingrediente para reducdo de impactos do estresse
por calor (PATE etal., 2020). Osorio et al. (2013) observaram maior producao de proteina
do leite em vacas alimentadas com metionina protegida da degradacdo ruminal (MPR) e
Toledo et al. (2021) observaram maior producdo de leite para vacas em HS alimentadas
com MPR. Pate et al. (2020) estudaram a inclusdo de 1,05 g de metionina protegida da
degradacdo ruminal (MPR; Smartamine M; Adisseo Inc., Antony, Franca) por Kg de
matéria seca da dieta sobre o desempenho e atividade imunoldgica de vacas holandesas
em estresse por calor e ndo observaram diferencas nos parametros fisiolégicos e nem na
producdo de leite e eficiéncia alimentar entre o grupo que recebeu MPR e o controle,
porém, houve incremento de proteina do leite para o grupo que recebeu MPR, comparado
ao controle (PATE et al., 2020). Entretanto, os resultados de suplementagdo com MPR
sdo comumente inconsistentes, principalmente para respostas em producdo de leite
(MESGARAN et al., 2021; ZANTON et al., 2014).

Alguns estudos observaram aumento de gordura do leite com suplementacdo de
MPR, quando comparado a grupos sem suplementacdo (MESGARAN et al., 2021; PATE
et al., 2020). Alguns mecanismos foram propostos para explicar aumento de gordura do
leite de vacas em estresse por calor suplementadas com MPR, dentre eles, destacam-se:
1) alivio do balango energético negativo como consequéncia da melhoria do metabolismo
e sistema imunolégico do animal (BATISTEL et al., 2017). 2) Suplementacdo com Met
pode induzir a condensacao de triacilglicerol em VLDL no figado, devido a maior sintese
de apolipoproteina B-100 e, com isso, elevando o fluxo de acidos graxos para sintese
gordura do leite na glandula maméaria (BAUCHART ET AL., 1998; OSORIO et al.,

2013), porém ndo & uma consisténcia na literatura sobre o papel da Met formacdo de
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VLDL no figado (CHANDLER; WHITE, 2017). 3) Outro mecanismo poderia ser que um
correto balanco de aminoacidos essenciais, principalmente Met, possa auxiliar na sintese
mamaria acido graxos de novo, pelo aumento da expressio mRNA de enzimas
lipogénicas (LI et al., 2016; BATISTEL et al., 2017). Patton (2010) observou que vacas
com alimentacdo deficiente em Met produziram maiores teores de gordura no leite
quando suplementadas com MPR. Embora comumente observado e postulado alguns
mecanismos, 0 impacto da suplementacdo com MPR na regulacdo da sintese de acidos
graxos na glandula mamaria precisa ser mais bem elucidado (MESGARAN et al., 2021).

Maiores concentracGes de caseina e proteina no leite de vacas em estresse por
calor suplementadas por MPR sdo comumente relatados (PATE et al., 2020) e um
mecanismo para explicar essa maior sintese de proteina pode ser devido ao maior aporte
de Met na composicao da proteina metabolizavel (SCHWAB; BRODERICK, 2017), além
do efeito da suplementagdo de Met nas vias de sinaliza¢éo da sintese proteica (via mTOR)
no tecido epitelial mamario (NAN et al., 2014; LI et al., 2016). O aumento da sintese
proteica do leite pode estar relacionado a ligagdo entre Met e AAs de cadeia ramificada
no que diz respeito a regulacao da biossintese de proteina do leite (DONG et al., 2018).

Além das funcgdes diretamente ligadas a producdo, a metionina participa da
composicao de moléculas do sistema antioxidante, tal como a glutationa (GSH) que é um
antioxidante bem conhecido e atua diretamente na manutencéo e regulacéo do equilibrio
redox nas células animais (AQUILANO et al., 2014). A sintese de glutationa ocorre
principalmente no figado e tem a metionina diretamente envolvida nesse processo
(MARTINOQV et al., 2010; ZHOU et al., 2016). A metionina também participa da
absorcéo de zinco (PREDIERI et al., 2005) e atua como agente lipotropico para prevenir
0 acumulo excessivo de gordura no figado (ZHOU et al., 2016).

Trabalhos ja demonstraram relacdo entre a suplementacdo com Met e reducao de
MDA em vacas submetidas ao HS (MESGARAN et al., 2021). Indicando potencial de
utilizagdo da Met para reducdo da producdo de espécies reativas de oxigénio em vacas
leiteiras, pois menor presenca de MDA indica menor nivel de peroxidacdo lipidica e
melhor capacidade antioxidante de vacas em HS (MESGARAN et al., 2021). Aumento
do fluxo de Met no duodeno em ovelhas resultou em reducdo dos indices plasmaticos de
MDA (MAVROMMATIS etal., 2021).

Mesgaran et al. (2021) observaram ainda efeito positivo da suplementacdo de um
composto com Zinco e Metionina sobre o desempenho de vacas leiteiras em HS, pela

otimizacgéo do turnover proteico, conferindo melhor eficiéncia.
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Relacdes de suplementacdo com MPR e redugdo de CCS em vacas leiteiras em
HS foi observado (MESGARAN et al., 2021; PATE et al., 2020; SOBHANIRAD et al.,
2010) e pode estar associado a melhoria de integridade epitelial da glandula mamaria e
melhor funcdo imunoldgica desses animais (MESGARAN et al., 2021). De forma geral,
vacas saudaveis quando expostas ao HS, apresentam melhor padrdo metabo6lico menos
inflamacdes agudas (HORST et al.; 2021).

Ja foi demonstrado por experimento in vitro relacdo da Met com reducdo na
expressdo de genes da imunidade inata, como IL-1B e IL—6, possivelmente relacionados
a reducdo da inflamacdo celular (LOPREIATO et al., 2019).

Suplementacdo com MPR também pode afetar a concentracdo de calcio
circulante. Wang e Beede (2010) observaram que o aumento da ingestao proteica durante
0 periodo seco, reduziu incidéncia de hipocalcemia pos parto em vacas da raca Jersey. A
reducdo dos casos de hipocalcemia pode estar associada a melhoria do sistema
imunologico como um todo em vacas com uma adequada suplementacdo de aminoacidos
(HORST et al., 2021). Moraes et al. (2021) em trabalho com codornas poedeiras em HS,
examinaram a relacao entre suplementacdo com Met dietética e desempenho, localizagédo
e expressdo dos canais transportadores de célcio epitelial dos sistemas digestivo e
reprodutivo. Os autores identificaram reducdo do efeito negativo do HS quando as aves
receberam 120% de Met em relacédo a exigéncia.
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Annual rhythms of milk composition in dairy cattle in Brazil.

Interpretative Summary: This study used large national and breed-association
databases to show that milk fat, protein, and, to a lesser extent, somatic cell count in
Brazilian dairy cows follow predictable annual rhythms at market, herd, and cow levels.
Seasonal cosinor models explained most of the within-year variation in fat and protein,
whereas milk and feed prices added little extra predictive power, indicating that biological
and climatic drivers rather than short-term economics underlie these patterns. The results
highlight consistent geographic differences in the timing and magnitude of these rhythms
and reveal substantial between-herd and between-cow variation in seasonal responses,
information that can be used to improve processing planning, farm management, and

future genetic evaluations for seasonal resilience.

Abstract

This study aimed to characterize annual rhythms in milk composition and somatic cell
count (SCC) in Brazilian dairy systems at market, herd, and cow levels, and to evaluate
the relative contribution of seasonal versus economic drivers. Monthly bulk-tank fat,
protein, and SCC data (January 2013-December 2023) from 6 major dairy states (792
state-month observations) were analyzed using 12-mo cosinor mixed models with state
and year effects. Additional linear mixed models combined seasonal terms with state- and
national-level prices of milk, corn, and soybean. Test-day records from the Girolando
milk-recording program (10,987 observations from 718 cows in 41 herds across 3 states)
were used to fit herd- and cow-level cosinor models and a set of validation mixed models.
At the national level, inclusion of cosinor terms reduced residual sums of squares by
~90% for fat and =81% for protein compared with models including only state and year,

and =34% for SCC, with clear geographic gradients in mesor, amplitude, and acrophase.
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Economic variables explained considerably less variation, and adding them to cosinor
models produced only small gains in R2. At the herd level, 65.9% of herds were classified
as rhythmic for protein, 34.1% for milk yield, 31.7% for fat, and 22.0% for SCC. At the
cow level, significant annual rhythms were detected in 20.5% of cows for fat, 46.2% for
protein, 22.2% for SCC, and 51.6% for milk yield. These results demonstrate robust
circannual patterns in milk composition that are conserved across organizational levels

and are largely independent of short-term economic variation.

bulk-tank data, cosinor analysis, seasonal variation

Introduction

Seasonal variation influences milk composition and quality, with direct
consequences for processing efficiency, product standardization, and farm profitability
(Bernabucci et al., 2015). These periodic changes reflect not only environmental
fluctuations but also physiological adjustments related to energy homeostasis and
metabolic stress, leading to variation in milk fat, protein, and somatic cell count (SCC;
Niu et al., 2014; Bernabucci et al., 2015).

Growing evidence indicates that, beyond immediate environmental effects,
bovine lactation is modulated by endogenous biological rhythms similar to those
described in other mammals (Lincoln et al., 2006). These rhythms are synchronized
primarily by photoperiod, acting on the hypothalamic—pituitary axis via melatonin
secretion, and in cattle have been linked to changes in hormones such as prolactin and
serotonin, which are closely related to lactogenesis and mammary metabolism (Chew et
al., 1979; Dahl et al., 2000; Piccione et al., 2012). Several studies in the Northern

Hemisphere have identified consistent annual rhythms in milk yield and composition of
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dairy cows (Salfer et al., 2019, 2020). The amplitude and phase of these rhythms vary
with latitude and are more pronounced in regions with greater annual variation in day
length, reinforcing their biological basis (Salfer et al., 2020). In addition, circadian and
shorter-term rhythms in milk synthesis can be modulated by nutritional factors and
feeding time, highlighting the integration between metabolic and chronobiological
regulation (Niu et al., 2014).

The concept of physiological rhythmicity in cattle is supported by
chronobiological theory, and its quantification can be achieved using cosinor-based
rhythmometry, which yields biologically interpretable parameters such as mesor (rhythm-
adjusted mean), amplitude, and acrophase (timing of the peak; Bourdon et al., 1995;
Koukkari and Sothern, 2007). Such models have been successfully applied to describe
annual rhythms in milk composition at large scale in the United States (Bourdon et al.,
1995; Salfer et al., 2019). However, despite advances in temperate regions, few studies
have evaluated these patterns under tropical and subtropical conditions. Brazil, one of the
largest milk-producing countries, encompasses a wide diversity of production systems
and climatic zones, imposing heterogeneous environmental and nutritional pressures.
Although national programs such as the Brazilian National Milk Quality Program provide
extensive data on milk composition, these databases have not yet been systematically
explored to identify and quantify seasonal rhythms across multiple levels of organization.
Furthermore, the interaction between biological seasonality and economic drivers, such
as feed costs and milk prices, remains poorly understood.

Therefore, the objective of this study was to characterize annual rhythms in milk
composition at multiple hierarchical levels: national, herd, and individual cow, and to
evaluate the consistency of seasonal patterns among Brazilian regions. We hypothesized

that robust annual rhythms would be detectable in milk composition, but with substantial



87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

46

regional differences in amplitude and phase, reflecting the climatic, nutritional, and

management diversity of Brazilian dairy systems.

Materials and methods
Cosinor analysis of Brazilian milk composition market data

Milk composition data from January 2013 through December 2023 were obtained
from the Brazilian Ministry of Agriculture and Livestock (MAPA, Brasilia, Brazil). The
dataset consisted of monthly bulk tank milk samples analyzed by accredited laboratories
within the Brazilian National Milk Quality Program. Concentrations of milk fat and
protein (%) and somatic cell count were determined primarily by mid-infrared
spectroscopy as part of routine payment-for-quality testing. The final national dataset
comprised a total of 792 monthly state-level observations (6 states x 11 years x 12
months).

Data were aggregated by state (federal unit), which served as the geographic unit
for statistical analysis. The dataset included the following states: Goias (GO), Minas
Gerais (MG), Parana (PR), Rio Grande do Sul (RS), Santa Catarina (SC), and S&o Paulo
(SP), which together represent the majority of Brazilian milk production and encompass
a broad range of climatic and production conditions.

All statistical analyses were performed in R (version 4.5.1; R Core Team, Vienna,
Austria). Monthly milk fat, protein, and somatic cell count were fit to the linear form of
a 12-month cosine function following Bourdon et al. (1995), using mixed-effects
regression as described by Niu et al. (2014).

We evaluated AR(1) correlation structures to account for temporal
autocorrelation. Temporal autocorrelation was screened on the residual autocorrelation

function (ACF) of the Imer fits; when the absolute ACF at lags 1-3 exceeded 0.2, models
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were re-fitted with an AR(1) residual structure using nlme::Ime. Otherwise, an
independent residual structure was retained. The final model specification was:
2mt . 2mt 2mt
Yijt = .80 + .Bstate(i) + .Bcos cos (E) + ﬁsin sin (E) + .Bstate(i):cos cos (E) +

27t

Bstate i):sin Sin (?) + Uyear) T Eijes
where Y;;; is milk composition variable for state i, year j, and month t;
B, 1s overall intercept (mesor);
Bstateiy 1S fixed effect of state i;
Beos and By, are fixed coefficients for cosine and sine terms;

Bstate(i):cos aNd Bstate(i):sin @re interaction terms between state and seasonal components;
uyear(j)~N(0, Gyzear) is the random intercept for year j to account for interannual

variation; and
&ije ~ N(0,0?) is the residual error.

The fit of the 12-mo rhythm was evaluated by a zero-amplitude test, which
employs a likelihood ratio test to compare the full model (including cosine and sine terms)
with a reduced model excluding them (Koukkari and Sothern, 2007). The mesor (mean
level), amplitude, and acrophase (time of peak) were estimated for each state according

to Bourdon et al. (1995).

Brazilian milk composition model comparison: seasonal and economic predictors of
milk composition

To evaluate the relative contribution of seasonal and economic factors to the
variation in milk composition, a series of linear mixed-effects models were fitted for milk

fat and protein concentrations using monthly bulk-tank data from January 2013 through
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December 2023. The dependent variables were the monthly averages of fat (%) and
protein (%) for each major dairy-producing state in Brazil.

Seasonal variation was modeled using a cosinor function with a 12-mo period,
including the terms cos(2mt/12) and sin(2mt/12) to represent the cyclic annual
oscillation in milk composition. All models included state (federal unit) as a fixed effect
to account for regional differences.

Monthly state-level economic data were collected for the same period (2013-
2023), including: (1) average milk price (state and national), and (2) monthly prices of
corn and soybean (BRL/kg).

A total of 15 models were tested for each response variable, starting with the
cosinor-only model and progressively including combinations of the economic predictors.
Each model was defined as:

Yiie = Bo + Bstateqi) + ey B Xiije + Uyearg) T+ Eije
where Y;;, is the milk fat or protein concentration for state i, year j, and month t;
B, is the overall intercept;
Bstateiy 1S fixed effect of state i;
By are the fixed coefficients associated with the economic and seasonal predictors X ;¢ ;
Ugear(j) ~ N(0, 0%4,) is the random intercept for year j; and
&ije~ N(0,0?) is the residual error.

Models were fitted using restricted maximum likelihood with the Imer() function
from Ime4 package in R version 4.5.1. Temporal autocorrelation was screened using
residual ACF from the Imer fits; if |ACF| at lags 1-3 exceeded 0.2, the model was re-
estimated with an AR(1) residual structure via nlme::Ime; otherwise, an independent

residual structure was retained.
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Model performance was evaluated using Akaike information criterion (AIC),
Bayesian information criterion (BIC), root mean square error (RMSE), and marginal R?
calculated via Nakagawa's method. For state-specific analyses, all models were fitted
independently for each state using the same mixed-effects structure to assess within-state

predictor performance.

Cosinor analysis of herd and individual cow milk composition

Milk composition data were obtained from the database of the Brazilian
Association of Girolando Breeders (Uberaba, Minas Gerais, Brazil), which compiles
routine test-day records from commercial dairy herds enrolled in the official Girolando
milk-recording program. Milk samples were analyzed for fat and protein contents, and
somatic cell count (SCC) using mid-infrared spectroscopy in accredited laboratories
certified for payment-for-quality testing.

The initial dataset contained 124,844 test-day records from 39,898 cows in 519
herds between January 2013 and December 2023. Records were excluded when milk fat
was <2.5% or >5.5%, protein <2.5% or >5.5%, or when month or state information was
missing, and only cows with >11 valid monthly test-day observations were retained.
Because only 3 major dairy-producing states were consistently represented in the
Girolando database, the dataset was restricted to Minas Gerais, S&o Paulo, and Parana. At
the herd level, eligibility required contributing >3 cows meeting the >11-test-day criterion
and having records in >6 distinct months during the study period. After applying all
record-, cow-, and herd-level filters, the final dataset used for cosinor modeling consisted
of 10,987 observations from 718 cows belonging to 41 herds.

All analyses were performed using R version 4.5.1. Cosinor models were based

on the linear form of a cosine function with a 12-month period (Bourdon et al., 1995).
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For herd and cow-level models exhibiting significant temporal autocorrelation, AR(1)
covariance structures were applied to account for serial correlation in repeated monthly
measures. Rhythm parameters (mesor, amplitude, acrophase) were derived from model
coefficients. The significance of the annual rhythm was assessed via a zero-amplitude F-

test (Koukkari and Sothern, 2007).

Herd-levels analysis
To identify which herds display significant annual rhythms in milk composition
and to characterize their herd-specific seasonal parameters (amplitude, phase, and mesor),

the following cosinor mixed model was fitted independently for each herd:

Yenjt = Bo + Beos €OS (%) + Bsin Sin (%) + Ucow(c) T Vyear() T Echijts
where Yop;; is milk composition variable for cow c, herd h, year j, and month t;
B, 1s overall intercept (mesor);
Beos and Bs;in, are fixed coefficients for cosine and sine terms;
Ucow(c) ~ N (0, o) is the random intercept for cow c¢ to account for repeated measures
within animals;
Vyear(y) ~ N (O, O-}gear) is the random intercept for year j to account for interannual
variation, and
gchjt ~ N(0,02) is the residual error.

Temporal autocorrelation was assessed on standardized residuals using the ACF.
When the absolute ACF at lags 1-3 exceeded 0.2, we applied an AR(1) residual
correlation structure; otherwise, an independent residual structure was used.

The fit of the annual rhythm was assessed for each herd by a zero-amplitude F-

test, comparing the full model (including the cosine and sine terms) with a reduced model
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containing only the intercept and random effects. Herds with P < 0.05 were considered to
exhibit a significant annual rhythm.

The mesor, amplitude, and acrophase were derived from the fixed-effect estimates
according to Bourdon et al. (1995). Circular statistics were used to summarize the
acrophase distribution across herds, with the circular mean and resultant vector length
describing the degree of synchronization among herds.

To validate the consistency of the seasonal pattern detected in the national bulk-
tank dataset, an additional cosinor mixed model was fitted using monthly herd averages
combined across states. The model included fixed effects of state and the 12-mo cosinor
terms (cosine and sine), as well as interaction terms between state and the seasonal
components, allowing comparison of rhythm parameters among states. Random
intercepts for herd and year were included to account for repeated measures and

interannual variation:
2mt . 2t 21t
Yoiie = Po + Pstateqi) + Peos 05 (E) + Bsin Sin (E) + Bstate(i):cos €OS (E) +

. 2mt
ﬁstate(i):sin sin (E) + Uherd(h) + VUyear(j) + €hijts
where Yy;¢ is milk composition variable for herd h, state i, year j, and month t;

B, 1s overall intercept (mesor);

Bstate(iy 1 fixed effect of state i;
Beos and Bs;in, are fixed coefficients for cosine and sine terms;

Bstatei):cos aNd Bstate(iy:sin are interaction terms between state and seasonal components;
Unerdhy ~ N(0, 0.q) is the random intercept for herd h;
Vyear() ~ N (0, 02y ) is the random intercept for year j; and

enije ~ N(0,?) is the residual error term.
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Residual temporal autocorrelation was screened via ACF as above; models were
re-fitted with an AR(1) residual structure when |ACF| at lags 1-3 exceeded 0.2, and
otherwise retained independent residuals. This model allowed direct comparison of the
fixed-effect coefficients (mesor, amplitude, and acrophase) among states and served to
validate whether the seasonal rhythms observed in bulk-tank milk were consistent with

those detected at the herd level.

Cow-level analysis

To investigate individual variation in seasonal rhythms and identify the proportion
of cows exhibiting significant annual patterns in milk composition, we fitted the
following cosinor mixed model separately for each cow. This approach allowed us to

estimate cow-specific rhythm parameters while accounting for herd-level effects:
Yejt = Bo + Beos €OS (%) + Bsin Sin (%) + Uyear (j) T &t

where Y. is milk composition variable for year j, and month t for the specific cow ¢ being
analyzed;
B, 1s overall intercept (mesor);
Beos and Bs;in, are fixed coefficients for cosine and sine terms;
Uyear) ~ N (0, Uyzear) is the random intercept for year j to account for interannual
variation, and
gt ~ N(0,0?) is the residual error.

For each cow, residual ACF was inspected; if |[ACF| at lags 1-3 exceeded 0.2, an
AR(1) residual structure was used, otherwise residuals were modeled as independent.
To assess whether individual cows exhibited a significant annual rhythm, a zero-

amplitude F-test was applied to each cow by comparing the full model (including cosine

and sine terms) with a reduced model containing only the intercept. Cows with P < 0.05
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were classified as showing significant seasonality. The proportion of rhythmic cows was
calculated for each milk component and summarized across states and production
clusters.

To further assess the generalizability of the national Cosinor model, a combined
cosinor mixed model was fitted to the entire cow-level dataset across states. Fixed effects
of state and seasonal components (cosine and sine) were included, together with their
interactions, to evaluate whether amplitude and phase of the annual rhythm differed
among states. Random intercepts for herd, year, and cow were included to account for the

hierarchical structure of the data:

2mt . 2mt 2mt
Ychi]'t = .80 + .Bstate(i) + ﬂcos cos (E) + lgsin sin (E) + .Bstate(i):cos cos (E) +

. 2mt
lgstate(i):sin sin (E) + Ucow(c) + Vherd(h) + Wyear(j) + Echijt

where Yop;;c is milk composition variable for cow c, herd h, state i, year j, and month t;
B, 1s overall intercept (mesor);

Bstateqiy 1S fixed effect of state i;

Beos and Bs;in, are fixed coefficients for cosine and sine terms;

Bstatei):cos AN Bstate(iy:sin are interaction terms between state and seasonal components;
Ucow(c) ~ N (O, a2, is the random intercept for cow c;

Vherdn) ~ N(0, 021q) is the random intercept for herd h;

Wyear() ~ N(0, 022y ) is the random intercept for year j; and

gcnijt ~ N(0,02) is the residual error term.

emporal autocorrelation was evaluated on model residuals using ACF; models
were re-estimated with an AR(1) residual structure when |ACF| at lags 1-3 exceeded 0.2,
and retained independent residuals otherwise.. The presence and consistency of the

annual rhythm across states were evaluated by zero-amplitude tests and by comparing the



280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

54

rhythm-adjusted means and phases estimated from the cow-level model with those

derived from the national dataset.

Results
Brazil Milk Composition Market Data

A significant annual rhythm (P < 0.001) was detected for both milk fat and protein
content across all major dairy-producing states in Brazil (Table 1; Figures 1 and 2). The
cosinor mixed model identified consistent seasonal oscillations with distinct state-level
patterns in the rhythm-adjusted mean (mesor), amplitude, and acrophase. Zero-amplitude
tests confirmed that the 12-month cosine model significantly described the seasonal
variation in both traits in every state (P < 0.001).

Model comparison demonstrated a marked improvement in fit when seasonal
terms were included. For milk fat, the residual sum of squares (RSS) decreased from 2.46
in the reduced model (state + year only) to 0.238 in the full cosinor model, representing
an ~90% reduction in unexplained variance. Similarly, for milk protein, RSS decreased
from 0.763 to 0.148 (=81% reduction), and for somatic cell count, RSS decreased from
an average of 122,070 across states to 80,667 (=34% reduction). The inclusion of cosinor
terms consistently provided superior model fit compared with models containing only

state and year effects.

Milk fat concentration
Fat concentration in all states fit a 12-mo rhythm (P < 0.001). The rhythm-adjusted
mean (mesor) for fat differed among all states (P < 0.05), ranging from 3.60% in Goias

to 3.97% in Santa Catarina (Table 1). A clear latitudinal gradient was observed, with
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southern states (e.g., Santa Catarina, Rio Grande do Sul) exhibiting higher average fat
concentrations than central-western states (e.g., Goias, Minas Gerais).

The amplitude of the fat rhythm varied across states, ranging from 0.152
percentage units in Rio Grande do Sul to 0.192 percentage units in S&o Paulo. Séo Paulo
and Goias exhibited the greatest seasonal variation (0.192 and 0.184 percentage units,
respectively) and did not differ from each other (P > 0.10). These amplitudes were greater
(P < 0.05) than those observed in Parand and Rio Grande do Sul (0.157 and 0.152
percentage units, respectively), which formed a distinct low-amplitude group. Minas
Gerais and Santa Catarina displayed intermediate amplitudes (0.167 and 0.163 percentage
units, respectively) that were different from both the high-amplitude and low-amplitude
groups (P < 0.05).

The acrophase of the fat concentration rhythm revealed a distinct north-to-south
progression. The earliest peak occurred in Goias (April 26), which was significantly
earlier (P < 0.05) than all other states. Minas Gerais peaked on May 10, intermediate
between Goias and a cluster formed by Séo Paulo, Parana, Santa Catarina, and Rio Grande

do Sul, which displayed similar acrophases between May 9 and May 12 (P > 0.10).

Milk protein concentration

Protein concentration also exhibited a significant 12-mo rhythm in all states (P <
0.001). The mesor for protein content differed among states (P < 0.05), with Goias having
the highest mean (3.274%) and Parana the lowest (3.239%; Table 1). Differences in mesor
were modest in magnitude and did not follow as clear a latitudinal gradient as observed
for fat, although central-western states (Goias, Minas Gerais) tended to have slightly
higher mesors than Séo Paulo and Parana, with Rio Grande do Sul and Santa Catarina

assuming intermediate positions.
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The amplitude of the protein rhythm ranged from 0.088 to 0.102 percentage units.
The amplitude was greatest in Rio Grande do Sul (0.102), which was similar (P > 0.05)
to the amplitudes in Goiés (0.097), Minas Gerais (0.094), and S&o Paulo (0.095). This
group of states with higher amplitudes differed (P < 0.05) from Parana and Santa Catarina,
which formed a homogeneous low-amplitude group (0.088 percentage units for both; P >
0.10).

A clear geographic progression was evident in the timing of the protein peak. The
acrophase occurred earliest in Goias (March 25). Minas Gerais and S&o Paulo formed an
intermediate cluster, both peaking on April 8, later than Goias but earlier than the southern
states (P < 0.05). The southern states exhibited a progressive delay: Parana peaked on
May 7, Santa Catarina on May 20, and Rio Grande do Sul on May 30. The acrophases of
these three southern states were all different from each other and from the central and
southeastern states (P < 0.05), revealing a southward lag of approximately 60 days from

the earliest to the latest peak.

Somatic cell count

Somatic cell count (SCC) demonstrated significant seasonal periodicity in all
states (P < 0.001), with the cosinor model explaining substantially more variation than
the reduced model across all regions. The mesor for SCC varied markedly among states
(P < 0.05), ranging from 369.6 x 108 cells/mL in Goias to 553.4 x 103 cells/mL in Rio
Grande do Sul (Table 1). In general, southern states (Rio Grande do Sul, Santa Catarina)
exhibited higher baseline SCC levels than central and southeastern states, whereas Séo
Paulo (394.5 x 103 cells/mL) and Goiés had the lowest mesors.

The amplitude of SCC oscillation also showed substantial regional variation,

ranging from 16.4 x 103 cells/mL in S&o Paulo to 33.0 x 102 cells/mL in Rio Grande do
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Sul and Santa Catarina. Rio Grande do Sul and Santa Catarina formed a high-amplitude
group (both 33.0 x 103 cells/mL; P > 0.10), which was significantly greater (P < 0.05)
than the amplitudes observed in Minas Gerais (24.1 x 103 cells/mL), Parana (22.3 x 103
cells/mL), and Goias (18.6 x 103 cells/mL). Sdo Paulo exhibited the lowest amplitude
(16.4 x 108 cells/mL), significantly smaller than in all other states (P < 0.05).

The acrophase for SCC displayed a distinct seasonal pattern, with all states
peaking during the summer months. Goias peaked earliest (January 5), followed by Minas
Gerais and S&o Paulo (January 13 and 14, respectively), which did not differ from each
other (P > 0.10). The southern states peaked later, with Rio Grande do Sul reaching
maximum SCC on February 10, Parana on February 19, and Santa Catarina on February
23. This progression indicates an ~50-day lag in SCC peak from the northernmost to

southernmost states.

Seasonal and economic predictors of milk composition with state as a fixed effect

The comparison of 15 regression models revealed distinct patterns in the relative
contribution of seasonal and economic factors to milk composition variation (Tables 2
and 3). For milk protein content, models incorporating cosinor terms consistently
outperformed economic-only models. Among national protein models, the best-
performing specification (Model 12: state + cos12 + sinl2 + soybean price) explained
65.4% of the variance (R? = 0.654; Table 2). The cosinor-only model (Model 01: state +
cos12 + sinl2) already accounted for 65.3% of protein variation, indicating that seasonal
patterns, captured by the 12-mo rhythm, represent the predominant source of variability.

Economic-only models for protein content (state plus price variables, without
seasonal terms) showed much lower predictive power, with marginal R? values ranging

from 0.026 to 0.237. Adding economic variables to the cosinor structure provided only
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negligible improvements in model fit (AR? < 0.01 compared with the cosinor-only
baseline), and did not materially reduce RMSE.

For milk fat content, all cosinor-based national models exhibited exceptionally
high explanatory power (marginal R? = 0.935), with minimal differences among them
(Table 3). The cosinor-only specification with state and seasonal terms (Model 01)
performed as well as or better than more complex models including combinations of
soybean price, corn price, and state- or national-level milk prices. Economic-only models
explained a substantially smaller fraction of the variation in fat content, with marginal R?2
values between 0.520 and 0.573 and RMSE values more than twice those of cosinor-

based models.

Regional variability in seasonal and economic predictors of model performance

Analysis of model performance by state revealed substantial regional
heterogeneity in the relative contribution of seasonal and economic drivers (Tables 4 and
5).

For milk protein content, within-state cosinor-only models already showed high
predictive ability, with marginal R2 ranging from 0.701 in Rio Grande do Sul to 0.850 in
Minas Gerais (Table 4). Minas Gerais exhibited the highest predictability (R? = 0.861)
when soybean and corn prices were added to the cosinor structure (Model 14), but the
gain over the cosinor-only baseline was small (AR? = +0.011). In Goids, no economic-
augmented model clearly outperformed the cosinor-only specification (R? = 0.795),
indicating that seasonal patterns alone captured most of the explainable variation.

In contrast, the inclusion of economic variables yielded more noticeable, although
still moderate, improvements in some southern states. In Rio Grande do Sul, marginal R2

increased from 0.701 in the cosinor-only model to 0.762 when state-level milk price was
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added (Model 10; AR? = +0.061). Similarly, in Santa Catarina, adding the national milk
price (Model 11) increased R? from 0.770 to 0.824 (AR? =+0.054). Parand and Sao Paulo
showed intermediate behavior, with modest improvements when soybean and/or corn
prices and milk price were included. Overall, however, seasonal cosinor terms remained
the primary contributors to model performance, with economic predictors providing only
incremental gains.

For milk fat content, all states exhibited excellent predictability (Table 5). Within-
state cosinor-only models achieved marginal R? between 0.792 (Rio Grande do Sul) and
0.929 (Minas Gerais). The addition of economic variables slightly increased R2to a range
of 0.820-0.933, with the largest improvements observed in Rio Grande do Sul (0.792 to
0.820; AR? = +0.028), Santa Catarina (0.844 to 0.865; AR? = +0.021), and Sao Paulo
(0.896 t0 0.918; AR?=+0.022). In Minas Gerais and Parana, the gains were minimal (AR?

<+0.015).

Herd-level cosinor analysis of milk composition and yield in Girolando herds

Herd-level mixed-effects cosinor models identified annual rhythms in milk fat,
protein, somatic cell count (SCC), and milk yield in a subset of Girolando herds (Table
6). Among the 41 herds evaluated (mean 18 cows/herd), protein content showed the
highest prevalence of seasonality, with 27 herds (65.9%) classified as rhythmic (P < 0.05),
followed by milk yield (14 herds; 34.1%), fat (13 herds; 31.7%), and SCC (9 herds;
22.0%).

The magnitude and variability of the seasonal oscillations differed among traits.
For fat, the mean herd-level amplitude was 0.147 percentage units and the coefficient of
variation (CV) of the amplitude was 59.8% (Table 6). Protein had a mean amplitude of

0.116 percentage units and an amplitude CV of 54.4%. Somatic cell count showed a mean
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amplitude of 253.7 x 108 cells/mL and the highest amplitude CV (86.9%). For milk yield,
the mean amplitude of the annual rhythm was 2.05 kg/d and the amplitude CV was 71.5%.
The circular mean acrophase for fat occurred in mid-June (June 14), whereas
protein peaked at the end of May (May 30; Table 6). Milk yield reached its mean
acrophase on August 4, and SCC peaked on October 16. Circular concentration values
were 0.65 for protein, 0.41 for fat, 0.29 for milk yield, and 0.09 for SCC, indicating tighter
clustering of acrophases for protein and more dispersed acrophases for SCC.
Conditional R? values for the herd-level cosinor models were 0.273 for fat, 0.380
for protein, 0.344 for SCC, and 0.337 for milk yield (Table 6), indicating that the
combination of fixed cosinor terms and the random effects included in the herd-level

models explained 27.3 to 38.0% of the total variance in these traits.

Herd-level differences among states

When herd-level cosinor parameters were summarized by state, clear regional
patterns were observed among Minas Gerais, Parana, and S&o Paulo (Table 7). For milk
fat, the proportion of herds exhibiting significant annual rhythms was similar across
states, ranging from 30.0% in Minas Gerais and S&o Paulo to 40.0% in Parana. However,
mean fat amplitude differed among states, being 0.136 percentage units in Minas Gerais,
0.127 in Parand, and 0.185 in S&8o Paulo. The mean acrophase for fat occurred in early
June in Minas Gerais (June 5) and Parana (June 6) and in early July in Séo Paulo (July
5). Conditional R? values for fat ranged from 0.240 in Minas Gerais to 0.366 in Sdo Paulo.

For protein, seasonal rhythms were frequent in all 3 states, with 65.4% of herds
classified as rhythmic in Minas Gerais, 60.0% in Parang, and 70.0% in S&o Paulo. Mean
protein amplitude was 0.115 percentage units in Minas Gerais, 0.087 in Parand, and 0.132

in Sdo Paulo. Minas Gerais and Parana shared the same mean acrophase date (May 26),
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whereas Sao Paulo had a later mean acrophase (June 9). Conditional R2 values for protein
were similar among states and ranged from 0.360 to 0.385.

For SCC, the proportion of herds with significant annual rhythms was lower than
for fat and protein, with 26.9% in Minas Gerais, 20.0% in Parana, and 10.0% in S&o
Paulo. Among rhythmic herds, mean SCC amplitude was 242.496 x 103 cells/mL in
Minas Gerais, 160.533 x 103 cells/mL in Parand, and 329.352 x 103 cells/mL in Séo Paulo
(Table 7). The mean acrophase for SCC occurred on September 27 in Minas Gerais,
October 1 in Parana, and January 1 in S&o Paulo. Conditional R? values ranged from 0.326
to 0.389 across states.

For milk yield, the proportion of rhythmic herds was 30.8% in Minas Gerais,
20.0% in Parang, and 50.0% in S&o Paulo. Mean amplitudes of the annual yield rhythm
were 1.923 kg/d in Minas Gerais, 1.481 kg/d in Parana, and 2.674 kg/d in Sdo Paulo. The
mean acrophase dates for milk yield were August 9 in Minas Gerais, October 8 in Parana,
and November 9 in S8o Paulo. Conditional R2 values for milk yield varied from 0.267 in

Parana to 0.358 in Sdo Paulo.

Validation of herd-level rhythms with a combined herd—state cosinor model

To evaluate herd-level rhythms in a joint framework and compare parameters
across states, a combined herd—state cosinor mixed-effects model was fitted for Minas
Gerais, Parana, and S&o Paulo (Table 8). In this validation model, mesor, amplitude, and
acrophase were estimated at the herd—state level, and a single global zero-amplitude test
and conditional RZ were obtained for each trait.

For milk fat, the global zero-amplitude test indicated a significant annual rhythm
at the herd-state level (P = 0.013), with a conditional R2 of 0.186. The herd—state mesor

for fat was 3.7151% in Minas Gerais, 3.8144% in Parana, and 3.8066% in Sdo Paulo.
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Corresponding amplitudes were 0.0638 percentage units in Minas Gerais, 0.0287 in
Parand, and 0.0979 in S8o Paulo. The estimated acrophase for fat occurred on June 9 in
Minas Gerais, June 27 in Parana, and July 4 in S&o Paulo.

For protein, the combined herd—state model also detected a significant annual
rhythm (P < 0.001), with conditional Rz = 0.228. Protein mesors were 3.3678% in Minas
Gerais, 3.3327% in Parana, and 3.2977% in Sdo Paulo. Amplitudes were 0.0436
percentage units in Minas Gerais, 0.0587 in Parana, and 0.0612 in S8o Paulo. The
corresponding acrophase dates were May 10 for Minas Gerais, May 24 for Parana, and
June 10 for S&o Paulo.

For SCC, the validation model yielded P = 0.061 for the global zero-amplitude
test and a conditional R? of 0.274. Herd—state SCC mesors were 620.90 x 103 cells/mL in
Minas Gerais, 757.91 x 102 cells/mL in Parana, and 1,062.99 x 108 cells/mL in S&o Paulo.
Amplitudes were 130.05 x 108 cells/mL in Minas Gerais, 74.17 x 103 cells/mL in Parand,
and 173.07 x 103 cells/mL in S&o Paulo. The estimated acrophase dates for SCC were
July 12 in Minas Gerais, September 22 in Parand, and October 15 in Sdo Paulo.

These combined-model results summarize herd-level mesor, amplitude, and
acrophase for each state, while P-values and conditional R2 are common within trait

because they derive from a single joint mixed-effects model fitted across states.

Cow-level cosinor analysis of milk composition and yield in Girolando cows
Cow-level cosinor models identified a substantial proportion of Girolando cows
with detectable annual rhythms in milk fat, protein, somatic cell count (SCC), and milk
yield (Table 9). Across 41 herds (mean 18 cows/herd; mean 11.2 mo of records per cow),
147 cows (20.5%) showed a significant annual rhythm in fat content, 331 cows (46.2%)

in protein, 159 cows (22.2%) in SCC, and 370 cows (51.6%) in milk yield (P < 0.05 for
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the zero-amplitude F-test). Among cows classified as rhythmic, the mean amplitude of
the fitted 12-mo cosine function was 0.350 percentage units for fat and 0.215 percentage
units for protein, with amplitude coefficients of variation (CV) of 59.6% and 53.2%,
respectively. For SCC, the mean amplitude was 462.037 x 103 cells/mL with an amplitude
CV of 120.9%, whereas for milk yield the mean amplitude was 5.472 kg/d with an
amplitude CV of 57.2% (Table 9).

The circular mean acrophase for fat occurred on June 19 and for protein on June
21, whereas SCC peaked on October 15 and milk yield on July 8. Circular concentration
values, summarizing the dispersion of acrophases, were 0.21 for fat, 0.24 for protein, 0.07
for SCC, and 0.08 for milk yield, indicating that acrophases were more tightly clustered
for protein and fat than for SCC and milk yield. Mean adjusted R? values for individual
cow-level cosinor models were 0.213 for fat, 0.309 for protein, 0.216 for SCC, and 0.321
for milk yield, showing that the 12-mo cosine function accounted for a moderate
proportion of within-cow temporal variation among cows with significant rhythms (Table

9).

State-level differences in cow-level rhythmicity

When cow-level cosinor parameters were summarized by state, clear differences
were observed among Minas Gerais, Parand, and Sao Paulo (Table 10). For fat, the
proportion of cows with significant annual rhythms ranged from 19.8% in Minas Gerais
(94 of 475 cows) to 22.5% in Parana (23 of 102 cows) and 21.6% in S&o Paulo (30 of 139
cows). Among rhythmic cows, mean fat amplitude was highest in Minas Gerais (0.599
percentage units), intermediate in Sdo Paulo (0.576), and lowest in Parana (0.456). The

mean acrophase for fat occurred on July 9 in Minas Gerais, August 12 in Parana, and July
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1 in S8o Paulo. Mean adjusted R2 values for fat models ranged from 0.192 in Parana to
0.223 in S&o Paulo, with Minas Gerais at 0.214.

For protein, the prevalence of rhythmic cows was higher than for fat in all states.
In Minas Gerais, 226 of 476 cows (47.5%) were rhythmic, compared with 46 of 102 cows
(45.1%) in Parana and 59 of 139 cows (42.4%) in Séo Paulo. Mean amplitudes were
0.293, 0.265, and 0.287 percentage units in Minas Gerais, Parana, and S&o Paulo,
respectively, and mean acrophases occurred on June 12, July 19, and June 9. Mean
adjusted R2 values for protein were 0.325 in Minas Gerais, 0.260 in Parang, and 0.326 in
Séo Paulo (Table 10).

For SCC, 109 cows (22.9%) in Minas Gerais, 22 cows (21.6%) in Parana, and 28
cows (20.1%) in S&o Paulo showed significant annual rhythms. Mean SCC amplitudes
among rhythmic cows were 677.449 x 103 cells/mL in Minas Gerais, 512.876 x 103
cells/mL in Parana, and 718.172 x 108 cells/mL in S&o Paulo. Mean acrophases for SCC
occurred on October 28 in Minas Gerais, October 15 in Parana, and September 22 in Sdo
Paulo, and mean adjusted R? values ranged from 0.208 to 0.220 across states.

For milk yield, rhythmic cows represented 49.6% of the cows in Minas Gerais
(236 of 476 cows), 52.0% in Parana (53 of 102 cows), and 58.3% in Sao Paulo (81 of 139
cows). Mean amplitudes of the annual yield rhythm were 9.471 kg/d in Minas Gerais,
7.120 kg/d in Parana, and 6.560 kg/d in Séo Paulo. Mean acrophases occurred on July 27,
July 25, and July 22 in Minas Gerais, Parand, and Sdo Paulo, respectively. The mean
adjusted R2 for milk-yield cosinor models was 0.328 in Minas Gerais, 0.272 in Parana,
and 0.322 in S&o Paulo, indicating broadly similar goodness-of-fit across states (Table

10).
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Cow-level mixed-effects validation model across states

A combined cow-level mixed-effects cosinor validation model, fitted jointly
across Minas Gerais, Parana, and So Paulo with random intercepts for cow, herd, and
year, was used to obtain state-specific mesor, amplitude, and acrophase estimates for each
trait (Table 11). For fat, the global zero-amplitude test provided strong evidence of annual
seasonality at the cow level (P < 0.001), with mesors of 3.7257, 3.8233, and 3.8003
percentage units in Minas Gerais, Parand, and So Paulo, respectively. Corresponding
amplitudes were 0.0860, 0.0579, and 0.1212 percentage units, and acrophases occurred
on June 6, June 28, and June 26. The conditional R? of the combined cow-level model for
fat was 0.248.

For protein, the validation model also supported a pronounced annual rhythm (P
< 0.001), with mesors of 3.3749% (Minas Gerais), 3.3764% (Parana), and 3.3047% (S&o
Paulo), and amplitudes of 0.0565, 0.0681, and 0.0815 percentage units, respectively
(Table 11). The cow-level acrophase for protein occurred on May 19 in Minas Gerais,
June 13 in Parana, and June 26 in Sao Paulo, and the conditional R2 for the protein model
was 0.326.

For SCC, the global zero-amplitude test from the combined cow-level model did
not support a significant annual rhythm (P = 0.903). Nonetheless, the fitted model yielded
mesors of 443.81 x 103 cells/mL in Minas Gerais, 758.34 x 103 cells/mL in Parana, and
933.26 x 103 cells/mL in S&o Paulo, with corresponding amplitudes of 27.35, 9.67, and
18.36 x 103 cells/fmL and acrophases on October 29, January 15, and October 1,

respectively. The conditional R2 of the SCC validation model was 0.389 (Table 11).
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Discussion

This study demonstrated, across multiple organizational levels, the presence of
well-defined annual rhythms in milk composition and somatic cell count (SCC) of dairy
cows in Brazil. At the market level, national bulk-tank data revealed robust seasonal
variation in fat, protein, and SCC in all major dairy states, with substantial reductions in
residual variance when cosinor terms were included in the models, consistent with
circannual rhythms in milk fat and protein described in North American herds (Salfer et
al., 2019, 2020) with marked seasonal patterns in milk yield, composition, and SCC in
intensive Holstein herds in China (Yang et al., 2013), and with earlier reports of seasonal
shifts in milk composition in both temperate and subtropical systems (Noro et al., 2006;
Niu et al., 2014). The influence of season, particularly heat stress, as a key driver of these
rhythms is well documented: in the intensive Chinese herd studied by Yang et al. (2013),
daily milk yield, fat, protein, and total solids reached their lowest values in early summer
even though cows received a total mixed ration based on the same feedstuffs throughout
the year, indicating that environmental load rather than major changes in diet formulation
explained much of the seasonal variation.

In parallel, herd- and cow-level analyses in Girolando herds confirmed that these
annual rhythms are not only an aggregate market phenomenon but also manifest within
herds and individual cows, albeit with greater heterogeneity among production units and
animals, consistent with the significant interaction between seasonal change and parity
on milk yield, milk lactose, somatic cell traits, and milk production loss reported by Yang
et al. (2013). This aligns with multi-level analyses reported for Holstein cows in the
United States (Salfer et al., 2019, 2020) and with experimental evidence for photoperiod-

mediated regulation of lactation physiology (Dahl et al., 2000, 2012).
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A central feature of this work is the combined use of 2 large and complementary
data sources: (1) the official bulk-tank milk composition database from the Brazilian
Ministry of Agriculture and Livestock, derived from routine payment-for-quality testing,
and (2) the performance records from the Brazilian Girolando Breeders Association,
including test-day milk recording and productivity data from herds enrolled in genetic
improvement programs. Girolando is the predominant dairy genetic group in Brazilian
tropical and subtropical regions, and animals of this breed are estimated to account for
approximately 80% of the country’s milk production (Canaza-Cayo et al., 2015). The
breed was developed in Brazil from systematic crosses between Holstein and Gir cattle
to combine high milk yield with adaptation to tropical conditions (Canaza-Cayo et al.,
2016).

Thus, although the Girolando herds analyzed here represent relatively well-
organized, performance-recorded herds with higher-than-average levels of technification,
the seasonal patterns described at herd and cow levels are likely broadly representative of
a large and economically important segment of Brazilian dairy production under tropical
and subtropical conditions. At the same time, the fact that the Girolando database is
restricted to herds enrolled in breed association programs is both a strength, because of
the standardized, quality-controlled data, and a limitation, as it excludes herds with lower
recording intensity, other specialized breeds, and non-standard crossbreeding schemes.

The mechanisms underlying these seasonal patterns most likely reflect a complex
interaction between environmental drivers, physiological responses, and management
practices (Bernabucci et al., 2010; Becker et al., 2020). The latitudinal gradients in
acrophase for fat and protein follow Brazilian climatic patterns, and similar geographic
differences in the timing and amplitude of annual rhythms of milk fat and protein have

been described across US milk markets and herds (Salfer et al., 2019, 2020), suggesting
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that thermoregulation and changes in energy metabolism in response to seasonal heat load
are key determinants of the observed rhythms (Bernabucci et al., 2010; Wheelock et al.,
2010). Periods of high heat stress are known to reduce feed intake and shift nutrients away
from production toward maintenance of homeothermy, thereby depressing milk yield and
altering component synthesis (West, 2003; Collier et al., 2006; Bernabucci et al., 2010;
Becker et al., 2020).

In parallel, seasonal fluctuations in the quantity and nutritive value of forages,
particularly in pasture-based and semi-confinement systems that still account for much of
Brazilian milk production, modify rumen fermentation patterns and the profile of
nutrients supplied to the mammary gland (Noro et al., 2006; Marcondes et al., 2014;
Nogara et al., 2022). Studies using bulk-tank and farm-level data in southern and
southeastern Brazil have consistently reported higher milk fat and protein concentrations
and more favorable SCC and bacterial counts during the colder months, when the
combination of improved thermal comfort and better forage quality, including the use of
temperate grasses, is expected to support greater nutrient intake and efficiency (Noro et
al., 2006; Marcondes et al., 2014; Nogara et al., 2022). The combination of direct heat
stress and these indirect nutritional effects of seasonally variable pastures and conserved
forages likely contributes to the consistency of the annual rhythms observed across
market, herd, and cow levels (West, 2003; Bernabucci et al., 2010; Becker et al., 2020).
Experimental and observational studies in ruminants have shown that both heat stress and
changes in diet composition can differentially affect milk fat and protein synthesis
through alterations in rumen function, endocrine status, and peripheral tissue metabolism
(Bernabucci et al., 2010; Piccioli-Cappelli et al., 2014).

The bulk-tank analysis at the national level revealed clear geographic gradients in

milk composition. Annual mesors for fat were systematically higher in southern states



649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

69

than in Goias and Minas Gerais, whereas amplitudes and acrophases highlighted not only
differences in the average level of the cycle but also its intensity and timing. Similar,
albeit slightly smaller, amplitudes were observed for protein, with a marked spatial
progression in peak timing, starting in Goias in late March and shifting gradually toward
the southern states by late May. In contrast, SCC showed higher mesors in the South and
peaks concentrated in mid to late summer, with a lag of several weeks from the
northernmost to the southernmost states. This pattern is consistent with the well-
documented seasonality of mastitis and SCC in temperate and subtropical dairying, where
warmer, more humid periods are associated with increased environmental pathogen
pressure and higher SCC (Olde Riekerink et al., 2007; Ferreira and De Vries, 2015).

Together, these results suggest that, beyond large-scale climatic and photoperiodic
forcing, regional production systems (e.g., pasture vs. partial or total confinement), forage
conservation strategies, reproductive calendars, and udder health management contribute
to shaping the observed state-specific rhythms. Consistent with this interpretation, the
comparatively low conditional R? values obtained for SCC at herd and cow levels, relative
to fat and protein, indicate that annual seasonality explains only a modest fraction of its
temporal variance, leaving substantial room for episodic environmental challenges,
mastitis outbreaks, and management-related factors to drive within-year fluctuations in
udder health.

Our findings are consistent with recent cosinor-based analyses from the Northern
Hemisphere that have highlighted the existence of endogenous circannual patterns in milk
composition. In US Holstein herds, Salfer et al. (2019, 2020) used rhytmometric models
to show that milk fat and protein follow stable annual rhythms, with peaks in December—
January closely aligned with the winter solstice, largely independent of short-term

nutritional changes and episodic heat stress.
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In those studies, bulk-tank fat and protein amplitudes typically ranged from about
0.07 to 0.14 and 0.08 to 0.12 percentage units, respectively (Salfer 2019, 2020). In our
Brazilian bulk-tank data, peak fat and protein also occurred near the winter solstice of the
corresponding hemisphere, with maximum values between April and June, and
amplitudes of approximately 0.16 to 0.20 for fat and 0.09 to 0.11 for protein. Thus, the
timing of the annual cycles appears to be conserved across hemispheres, consistent with
a photoperiod-driven component of the rhythm (Dahl et al., 2000; Lincoln et al., 2006;
Salfer etal., 2019). However, the slightly larger fat amplitudes in Brazil suggest a stronger
contribution of seasonal variation in forage quality and feeding strategies, particularly in
grazing-dominant regions (Palmquist et al., 1993). Interestingly, as in Florida in the work
of Salfer et al. (2020), our results showed larger fat and protein amplitudes in states closer
to the equator (Goias, Minas Gerais, Sdo Paulo) and smaller amplitudes in the higher-
latitude southern states. This pattern does not fit a simple day-length gradient and
reinforces the idea that regional production systems, heat load, and nutritional seasonality
can modulate or override the purely photoperiodic component, especially in tropical and
subtropical climates.

The regression analyses incorporating seasonal and economic predictors with
fixed effects of state further emphasized the dominance of annual rhythms over short-
term economic drivers. At the national level, cosinor terms with a 12-mo period captured
the bulk of the temporal variability in fat and protein, whereas the inclusion of soybean,
corn, and milk prices, either at national or state level, yielded only modest incremental
gains in R2 and negligible reductions in RMSE. Similar patterns emerged in within-state
models: in nearly all cases, specifications that included only state (or herd), cos12, and
sinl12 already exhibited high predictive power, and adding feed or milk price variables

produced only small refinements. These findings are consistent with economic and time-
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series analyses showing that farmgate milk prices display their own seasonal component
driven largely by seasonal fluctuations in milk supply and in fat and protein content
(Olipra, 2019), and that world milk and feed prices share common cyclical dynamics and
long-run co-integration (Hansen and Li, 2017). Together, this evidence supports the
interpretation that a substantial fraction of the temporal variability in milk and feed prices
reflects the same underlying climatic, nutritional, and supply-demand forces that generate
the annual rhythms in milk composition, which helps to explain why, once the 12-mo
cosinor terms are included, economic variables contribute relatively little additional
temporal structure to the models (Sicheski et al., 2020).

Beyond their statistical interest, the predictable seasonal rhythms documented
here have practical implications for the dairy industry. On the processing side, knowledge
of the timing and magnitude of peaks in solids content can be used to plan plant capacity,
product mix, and marketing strategies over the year, because seasonal shifts in milk
composition and heat stability directly affect processing performance and product quality
(Li et al., 2019; Hayes et al., 2023). Periods with higher expected fat and protein could
be prioritized for manufacturing cheeses and other high-solids products, given the strong
influence of milk solids concentration and the protein-to-fat ratio on cheese yield and
composition (Guinee et al., 2007). At the farm level, recognizing these rhythms can guide
nutritional and reproductive management, such as strategic supplementation leading into
periods when component yields are naturally lower, or aligning calving patterns to better
exploit months with more favorable climatic and nutritional conditions (Salfer et al.,
2019; Hayes et al., 2023). For policy-makers and milk buyers, acknowledging the
inherent seasonality of composition can support more equitable payment schemes and
contract structures that account for natural within-year variation, minimizing undue

penalties when intrinsic milk quality is seasonally depressed and building on evidence
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that quality-based premium programs and component pricing systems can substantially
modify observed milk quality and herd profitability (Bailey et al., 2005; Nightingale et
al., 2008).

At the herd level, mixed-effects cosinor models showed that a majority of
Girolando herds expressed detectable annual rhythms in protein and milk yield, whereas
seasonal patterns in fat and especially SCC were less prevalent. Average herd-level
amplitudes for protein and fat were modest in absolute terms (=0.10-0.15 percentage
units) but exhibited high coefficients of variation, indicating substantial between-herd
heterogeneity in the strength of seasonal oscillations. Protein stood out not only for its
higher prevalence of rhythmic herds but also for its greater angular concentration of
acrophases and higher conditional R? values, suggesting that in many herds protein
seasonality is a structured and consistent component of within-year variation. In contrast,
SCC amplitudes were large in absolute magnitude but had high relative variability and
low phase concentration, reinforcing the weaker and poorly synchronized nature of SCC
seasonality across herds and aligning with evidence that mastitis and udder health traits
are driven by multifactorial and often episodic environmental and management-related
challenges rather than by smooth, herd-level seasonal cycles (Olde Riekerink et al., 2007;
Ferreira and De Vries, 2015).

The choice of a 12-mo cosinor model with fixed period aligns with long-standing
approaches in animal production science to describe seasonal and lactation curves
(Bourdon et al., 1995; Salfer et al., 2019, 2020). Classic work in temperate regions has
shown the usefulness of sinusoidal and related parametric models for capturing cyclic
patterns in milk yield and composition (Macciotta et al., 2005). However, in tropical and
subtropical environments, where rainfall seasonality may be more pronounced than

temperature seasonality and where forage growth dynamics are highly nonlinear, a strictly
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sinusoidal form may not fully capture the complexity of production responses. More
flexible frameworks, such as random-regression and reaction-norm models that
incorporate environmental or climatic covariates directly (e.g., temperature—humidity
index, region, and season of calving), have been successfully used in countries with
similar climates to partition climatic, nutritional, and management effects on milk
production and udder health (Bignardi et al., 2015; Hammami et al., 2015; Evangelista et
al., 2024), pointing to a promising direction for future Brazilian studies.

State-level stratification at herd and cow levels showed that national patterns
emerge from different combinations of rhythmic prevalence, amplitude, and phase in
Minas Gerais, Parana, and Sdo Paulo. In general, Sdo Paulo tended to exhibit larger
seasonal amplitudes for fat, protein, SCC, and milk yield in rhythmic herds and cows,
with somewhat later acrophases for fat, protein, and yield compared with Minas Gerais
and, in some instances, Parana. Minas Gerais, in turn, contributed the largest absolute
number of herds and cows and tended to show slightly earlier peaks in protein and fat.
These nuances are consistent with regional differences in calving distribution, the relative
importance of winter and summer pastures, the intensity of conserved forage use, and the
design of transition and summer-feeding programs within Girolando herds in the
Southeast and South.

From a breeding perspective, the finding that a substantial proportion of cows
exhibit significant annual rhythms, particularly for protein and milk yield, suggests the
presence of exploitable individual variation in seasonal resilience. Similar to resilience
indicators derived from longitudinal milk yield deviations that have been shown to be
heritable and genetically associated with responses to environmental disturbances (Poppe
etal., 2021; Chen et al., 2023), these seasonal patterns indicate that stability of yield and

composition across seasons can be treated as a selection objective. Breeding schemes are
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increasingly incorporating resilience and robustness traits alongside production in their
breeding goals to cope with climate variability (Bengtsson et al., 2022; Hayes et al.,
2023). Selection for “seasonal resilience”, understood as the ability to maintain
production and milk quality with reduced within-year fluctuation, may therefore be an
attractive strategy to deal with ongoing climate change and increasing environmental
variability (Silpa et al., 2021; Hayes et al., 2023). The long-term Girolando recording
database, with repeated test-day records across many years and herds, is well suited for
deriving such resilience indicators and for estimating genetic parameters and, potentially,
genomic markers associated with tolerance to specific environmental challenges (Poppe
etal., 2021; Chen et al., 2023).

The combined validation models at herd and cow levels, fitted jointly for the 3
states, provided a coherent statistical framework for summarizing regional differences
while leveraging information across states. In these models, state-specific mesors,
amplitudes, and acrophases were derived from fixed effects, whereas a single global zero-
amplitude test and a single conditional R? per trait captured the overall evidence for
seasonality and the total variance explained. The fact that P-values and conditional R? are
identical across states within trait is not a methodological flaw but rather a direct
consequence of the joint modeling strategy: the zero-amplitude test evaluates whether the
cosinor coefficients differ from zero at the population level, and state-level differences
manifest only through their respective mesor, amplitude, and phase estimates. This
combined approach improves the precision of state-specific parameter estimates by
pooling information, but at the cost of assuming a common variance—covariance structure
across states, an assumption that should be considered when interpreting small between-

state differences.
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At the individual level, cow-specific cosinor models showed that approximately
half of Girolando cows had detectable annual rhythms in protein and milk yield, whereas
the prevalence of rhythmicity for fat and SCC was lower. Mean adjusted R? values around
0.21-0.32 indicate that annual seasonality explains an important, but not dominant,
fraction of within-cow temporal variance, which is expected given the concurrent effects
of lactation stage, pregnancy, health events, and management changes. The combined
cow-level mixed model by state confirmed strong annual rhythms for fat and protein at
the population level, whereas for SCC the global zero-amplitude test did not support a
consistent annual oscillation, despite the presence of subgroups of cows with individually
significant rhythms. This discrepancy highlights the heterogeneity of SCC patterns: some
cows exhibit clear seasonal fluctuations, but the direction, timing, and magnitude are
variable enough that the population-average signal is attenuated.

Despite the large sample sizes and the use of mixed models, several limitations
should be acknowledged. First, both the bulk-tank and Girolando datasets are
observational, with no experimental control over diet, housing, or reproductive
management. Consequently, although annual rhythms are clearly characterized
descriptively, causal attribution to specific drivers such as photoperiod, temperature—
humidity index, forage availability, or feeding protocols is not possible. Second, the
cosinor models assume a strictly sinusoidal form with a fixed 12-mo period, which does
not allow for asymmetric rise and decline, multiple peaks, or interannual shifts in phase.
Incorporating higher-order harmonics, nonlinear structures, or more flexible time-series
approaches (e.g., generalized additive mixed models) could capture finer aspects of
seasonal variation in future work. Third, the linear mixed models used for the economic
analyses and for herd- and cow-level assessments assume linear relationships,

approximate normality of residuals, and relatively simple temporal correlation structures
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handled indirectly via random effects. Residual autocorrelation, multicollinearity among
soybean, corn, and milk prices, and structural changes over the 11-yr period were not
explicitly modeled. Biologically, the absence of explicit environmental covariates (e.g.,
temperature—humidity index, rainfall, photoperiod) and production-system descriptors
(e.g., grazing vs. confinement, use of compost-barn or freestall, forage-to-concentrate
ratio) limits our ability to separate endogenous rhythmic components from those directly
induced by exogenous climatic and management factors.

Finally, the scope of the databases constrains the generalizability of the results.
The bulk-tank data cover only 6 states, albeit ones that account for a large share of
national milk production, and the Girolando records encompass 3 states with a long dairy
tradition but exclude emerging production frontiers. Moreover, Girolando herds
participating in milk recording and breeding programs tend to be more technically
advanced, with more complete records and, on average, better productive and sanitary
performance than the national mean. Thus, the seasonal patterns described here should be
interpreted as representative of commercial, technified dairy systems under tropical and
subtropical Brazilian conditions, rather than as a full portrait of all dairy systems and

regions in the country.

Conclusions

This study provides robust evidence that milk fat and protein in Brazilian dairy
systems follow a well-defined circannual rhythm that is conserved across organizational
levels and largely independent of short-term economic fluctuations. At the national level,
12-mo cosinor terms captured most of the temporal variation in bulk-tank fat and protein

and revealed coherent geographic gradients in mesor, amplitude, and acrophase among
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847  major dairy states, whereas the inclusion of milk and feed price variables yielded only
848  marginal improvements in model performance.

849 Herd- and cow-level cosinor analyses in Girolando herds confirmed that these
850 annual rhythms are not merely an aggregate market phenomenon, but are also expressed
851  within herds and individual cows, particularly for protein and milk yield, whereas SCC
852  showed weaker, more heterogeneous, and less synchronized patterns. Together, these
853  findings support the existence of a stable circannual organization of milk composition
854  under tropical and subtropical Brazilian conditions, modulated primarily by climatic and
855  production-system factors rather than by economic variability, and highlight exploitable
856  between-herd and between-cow differences in seasonal responses.

857

858  Notes

859 The authors are grateful to the Brazilian Girolando Breeders Association
860  (Associacao Brasileira dos Criadores de Girolando, Uberaba, MG, Brazil) for providing
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Table 1. The amplitude and acrophase of a cosine function with a 12-mo period fit to the
state-level monthly averages of milk fat, protein, and somatic cell count concentration

Item State N Mean Amplitude’ Ac?;lelza S¢, P-value®
Fat, % Goias 132 3.601*  0.184? Apr 262 <0.001
Minas Gerais 132 3.641°  0.167° May 10° <0.001

Parana 132 3.744°  0.157° May 12° <0.001

Rio Grande do Sul 132  3.843¢ 0.152¢ May 12° <0.001

Santa Catarina 132 3.969° 0.163b May 09° <0.001

S30 Paulo 132 3.617"  0.192° May 11° <0.001

Protein. % Goias 132 3.274 0.0972 Mar 252 <0.001
’ Minas Gerais 132 3.251° 0.0942 Apr 08° <0.001
Parana 132 3.23% 0.088° May 07¢ <0.001

Rio Grande do Sul 132  3.255 0.1022 May 304 <0.001

Santa Catarina 132 3.2644 0.088b May 20¢ <0.001

Sdo Paulo 132 3.249° 0.095¢ Apr 08 <0.001

Somatic cell Goias 132 369.6% 18.62 Jan 052 <0.001
count, x10® Minas Gerais 132 449.6° 24.1b Jan 13b <0.001
cell/mL Parana 132 436.7¢ 22.3¢ Feb 19¢ <0.001
Rio Grande do Sul 132  553.44 33.0d Feb 104 < 0.001

Santa Catarina 132 486.5¢ 33.0¢ Feb 23¢ <0.001

Sdo Paulo 132 394.5f 16.4° Jan 14° <0.001

#Tvalues that do not share a superscript differ (P < 0.05). State-specific mesor, amplitude,
and acrophase were compared using pairwise contrasts of model-predicted values with
Tukey adjustment (P < 0.05).
1 Distance from the mean to the peak of the 12-mo rhythm. Amplitude is expressed in %
for fat and protein, and in x103 cells/mL for SCC.
2 Date at peak of the 12-mo fitted rhythm as month and day of month.
3 P-value for the zero-amplitude test corresponding to the fit of a 12-mo cosine rhythm.
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Table 2. Performance of regression models with state fixed effects for predicting milk protein content
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Model* Fixed effects? n R? AIC BIC RMSE
12 state + cos12 + sinl2 + soy 792 0.654 -2682.3 -2630.9 0.0404
01  state + cosl2 +sin12 792 0.653 -2700.8 -2654.1 0.0404
14 state + cos12 + sinl2 + soy + corn 792 0.653 -2667.7 -2611.6 0.0404
11 state + cos12 + sinl12 + milk_brazil 792 0.647 -2690.5 -2639.1 0.0404
13 state + cos12 + sinl2 + corn 792 0.642 -2683.7 -2632.3 0.0403
15 state + cos12 + sinl2 + soy + corn + milk_state 792 0.631 -2663.7 -2602.9 0.0401
10  state + cosl12 + sin12 + milk_state 792 0.614 -2695.0 -2643.6 0.0401
03  state + soy 792 0.237 -1805.9 -1763.9 0.0710
06  state + corn + soy 792 0.205 -1801.6 -1754.9 0.0707
08 state + soy + milk_state 792 0.198 -1835.3 -1788.5 0.0696
09 state + soy + corn + milk_state 792 0.138 -1837.2 -1785.8 0.0693
05  state + milk_brazil 792 0.073 -1817.3 -1775.2 0.0726
07 state + corn + milk_state 792 0.068 -1802.2 -1755.4 0.0726
04  state + milk_state 792 0.064 -1813.2 -1771.1 0.0728
02  state + corn 792 0.026 -1793.4 -1751.3 0.0730

1 Models ranked by R2 in descending order. R2 marginal values represent the proportion of variance explained by fixed effects alone, calculated
using the method of Nakagawa et al. (2017).

2 Cosinor terms (cos12 and sin12) represent the annual (12-mo) seasonal oscillation. State indicates the fixed effect of the federative unit. Soy and

Corn represent monthly soybean and corn prices, respectively (BRL/kg). Milk_state corresponds to the average monthly milk price at the state
level, and milk_brazil to the national average milk price.
3 All price data were obtained from the Center for Advanced Studies on Applied Economics (CEPEA), Luiz de Queiroz College of Agriculture,
University of Sdo Paulo (Piracicaba, Brazil).
4 All models were fitted as national linear mixed-effects regressions with state as a fixed effect and year as a random effect, using the Imer() function
from the Ime4 package (R version 4.5.1).
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Table 3. Performance of regression models with state fixed effects for predicting milk fat content

84

Model* Fixed effects? n R? AIC BIC RMSE
01 state + cos12 + sinl2 792 0.935 -2496.2 -2449.5 0.0469
10 state + cos12 + sinl12 + milk_state 792 0.935 -2484.8 -2433.4 0.0469
11 state + cos12 + sin12 + milk_brazil 792 0.935 -2484.8 -2433.4 0.0469
12 state + cos12 + sinl2 + soy 792 0.935 -2476.9 -2425.5 0.0469
14 state + cosl2 + sinl2 + soy + corn 792 0.935 -2465.3 -2409.2 0.0468
15 state + cos12 + sinl2 + soy + corn + milk_state 792 0.935 -2456.4 -2395.7 0.0467
13 state + cos12 + sinl2 + corn 792 0.934 -2477.4 -2426.0 0.0469
09 state + soy + corn + milk_state 792 0.573 -1001.2 -949.7 0.1187
08 state + soy + milk_state 792 0.571 -1012.3 -965.5 0.1188
07 state + corn + milk_state 792 0.548 -964.5 -917.8 0.1233
04 state + milk_state 792 0.524 -945.9 -903.8 0.1275
05 state + milk_brazil 792 0.524 -946.0 -903.9 0.1275
02 state + corn 792 0.520 -932.5 -890.4 0.1280
03 state + soy 792 0.520 -931.5 -889.4 0.1280
06 state + corn + soy 792 0.520 -917.2 -870.4 0.1279

1 Models ranked by R2 in descending order. R2 marginal values represent the proportion of variance explained by fixed effects alone, calculated
using the method of Nakagawa et al. (2017).
2 Cosinor terms (cos12 and sin12) represent the annual (12-mo) seasonal oscillation. State indicates the fixed effect of the federative unit. Soy and
corn represent monthly soybean and corn prices, respectively (BRL/kg). Milk_state corresponds to the average monthly milk price at the state
level, and milk_brazil to the national average milk price.
3 All price data were obtained from the Center for Advanced Studies on Applied Economics (CEPEA), Luiz de Queiroz College of Agriculture,
University of Sdo Paulo (Piracicaba, Brazil).
4 All models were fitted as national linear mixed-effects regressions with state as a fixed effect and year as a random effect, using the Imer() function
from the Ime4 package (R version 4.5.1).
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1041  Table 4. Comparison of best-performing versus cosinor-only models for milk protein concentration across Brazilian states

State Model* Fixed effects? R? RMSE AIC
Goias 01 cos12 + sinl12 0.795 0.0318 -482.0
Minas Gerais 14 c0s12 + sinl2 + soy + corn 0.861 0.0245 -516.0
01 cos12 + sinl2 0.850 0.0249 -542.9
Parana 12 c0s12 + sinl2 + soy 0.802 0.0238 -524.7
01 cos12 +sinl2 0.756 0.0234 -540.5
Rio Grande do Sul 10 c0s12 + sin12 + milk_state 0.762 0.0276 -490.1
01 cos12 +sinl2 0.701 0.0272 -497.3
Santa Catarina 11 cos12 + sin12 + milk_brazil 0.824 0.0258 -521.7
01 cos12 +sinl2 0.770 0.0251 -526.7
Sao Paulo 14 cos12 +sinl2 + soy + corn 0.811 0.0299 -465.8
01 co0s12 + sin12 0.805 0.0301 -495.8

1042 1 For each state, the best-performing model selected by highest marginal R2 is compared with the cosinor-only baseline (Model 01). R2 represents
1043  marginal R2 calculated using Nakagawa's method, indicating variance explained by fixed effects only.

1044 2 cosl2 + sinl12 = cosinor terms for 12-mo seasonal rhythm; soy = soybean price; corn = corn price; milk_state = state-level milk price; and
1045  milk_brazil = national average milk price (all prices in BRL/Kkg).

1046 3 All within-state models were fitted using linear mixed-effects regression with year as random effect using Imer() function from Ime4 package. R2
1047  represents marginal R? calculated using Nakagawa's method. Analyses were performed in R version 4.5.1 (R Core Team, 2024).
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1048  Table 5. Comparison of best-performing versus cosinor-only models for milk fat concentration across Brazilian states

State Model Fixed effects R? RMSE AIC
Goias 13 cos12 +sinl2 + corn 0.916 0.0383 -425.9
01 cos12 + sinl12 0.901 0.0389 -428.5
Minas Gerais 10 cos12 +sin12 + milk_state 0.933 0.0303 -491.3
01 cos12 + sinl12 0.929 0.0297 -498.9
Parana 15 cos12 + sinl2 + soy + corn + milk_state 0.882 0.0400 -395.7
01 cos12 +sinl2 0.880 0.0408 -433.2
Rio Grande do Sul 10 c0s12 + sin12 + milk_state 0.820 0.0482 -370.4
01 cos12 +sinl2 0.792 0.0477 -371.4
Santa Catarina 11 cos12 + sin12 + milk_brazil 0.865 0.0444 -395.6
01 cos12 +sinl2 0.844 0.0439 -395.3
Séo Paulo 15 cos12 + sinl2 + soy + corn + milk_state 0.918 0.0403 -393.7
01 cos12 + sinl12 0.896 0.0390 -421.3

1049 1 For each state, the best-performing model selected by highest marginal R2 is compared with the cosinor-only baseline (Model 01). R2 represents
1050  marginal R2 calculated using Nakagawa's method, indicating variance explained by fixed effects only.

1051 2 cosl2 + sinl12 = cosinor terms for 12-mo seasonal rhythm; soy = soybean price; corn = corn price; milk_state = state-level milk price; and
1052  milk_brazil = national average milk price (all prices in BRL/Kkg).

1053 3 All within-state models were fitted using linear mixed-effects regression with year as random effect using Imer() function from Ime4 package. R2
1054  represents marginal R? calculated using Nakagawa's method. Analyses were performed in R version 4.5.1 (R Core Team, 2024).
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Table 6. Herd-level cosinor summary of annual rhythms in milk fat, protein, somatic cell count, and milk yield for Girolando herds (41 herds; mean

18 cows/herd)
Mea Amp
Circular
Herds with n litud Mean R?
g concen ..
Item significant amp e acrophas ] (conditi
. tration
rhythm, no. (%)’ litud Cv, e date* s onal)®
e? %3
0.14
Fat, % 13 (31.7) . 59.8 Jun 14 0.41 0.273
. 0.11
Protein, % 27 (65.9) . 54.4 May 30 0.65 0.380
S ti Il t, x103 253.
omatic cef count, 9 (22.0) 86.9 Oct 16 0.09 0.344
cells/mL 7
Milk yield, kg/d 14 (34.1) 2.05 71.5 Aug 04 0.29 0.337

1 Herds with a significant annual rhythm based on a zero-amplitude F-test comparing a 12-mo cosinor model (Y ~ cos12 + sin12) with an intercept-

only model (P < 0.05).

2 Distance from the herd-level mean (mesor) to the peak of the fitted 12-mo cosine function, expressed in the same units as the trait.
3 Coefficient of variation of the amplitude, calculated as 100 x SD / mean across herds.

* Calendar date corresponding to the circular mean of herd-level acrophases (month and day).

5 Resultant vector length (0-1) for the distribution of herd-level acrophases; values closer to 1 indicate greater concentration of acrophases around

the mean direction.

¢ Conditional R? values represent the proportion of variance explained by both fixed and random effects, calculated using the method of Nakagawa

etal. (2017).
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Table 7. Herd-level cosinor parameters by state for Girolando herds
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Herds with significant . ) 5 R2
Item State N rhythm. no. (%)t Mean amplitude Mean acrophase (conditional)*
Fat, % Minas Gerais 26 8 (30.8) 0.136 Jun 05 0.240
Parana 5 2 (40.0) 0.127 Jun 06 0.310
Sao Paulo 10 3(30.0) 0.185 Jul 05 0.366
Protein, % Minas Gerais 26 17 (65.4) 0.115 May 26 0.385
Parana 5 3 (60.0) 0.087 May 26 0.360
Séo Paulo 10 7 (70.0) 0.132 Jun 09 0.382
Somatic cell count, Minas Gerais 26 7 (26.9) 242.496 Sep 27 0.326
%108 cells/mL Parana 5 1 (20.0) 160.533 Oct 01 0.351
Sao Paulo 10 1(10.0) 329.352 Jan 01 0.389
Milk yield, kg/d Minas Gerais 26 8 (30.8) 1.923 Aug 09 0.346
Parana 5 1 (20.0) 1.481 Oct 08 0.267
Séo Paulo 10 5 (50.0) 2.674 Nov 09 0.358

1 Herds with a significant annual rhythm based on a zero-amplitude F-test comparing a 12-mo cosinor model (Y ~ cos12 + sin12) with an intercept-

only model (P < 0.05).

2 Distance from the herd-level mean (mesor) to the peak of the fitted 12-mo cosine function.
3 Calendar date corresponding to the circular mean of the herd-level acrophases (month—day).
4 Conditional R? values represent the proportion of variance explained by fixed and random effects, calculated according to Nakagawa et al. (2017),

and are presented as the mean conditional R2 across herds with significant rhythms within each state.
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1073  Table 8. Comparison of herd-level cosinor parameters by state for Girolando herds (2013-2023). Parameters were obtained from a single mixed-
1074  effects cosinor model fitted jointly across states, including fixed effects of state and 12-mo cosine and sine terms and random intercepts for herd
1075  and year

i 2
Item State N Mesor (herd) AEEEL'S)JP € (rﬁgr']’gﬁ_h;;;)z P-value? (con diional)"
Fat, % Minas Gerais 26 3.7151 0.0638 Jun 09 0.013 0.186
Parana 5 3.8144 0.0287 Jun 27 0.013 0.186
Séo Paulo 10 3.8066 0.0979 Jul 04 0.013 0.186
Protein, % Minas Gerais 26 3.3678 0.0436 May 10 <0.001 0.228
Parana 5 3.3327 0.0587 May 24 <0.001 0.228
Séo Paulo 10 3.2977 0.0612 Jun 10 <0.001 0.228
Somatic cell count, Minas Gerais 26 620.90 130.05 Jul 12 0.061 0.274
x103 cells/mL Parana 5 757.91 74.17 Sep 22 0.061 0.274
Séo Paulo 10 1062.99 173.07 Oct 15 0.061 0.274

1076  * Distance from the mesor to the peak of the fitted 12-mo cosine function, expressed in percentage units (%) for fat and protein, and in x108 cells/mL
1077  for somatic cell count.

1078 2 Calendar date of the herd-level acrophase derived from the state-specific cosine and sine coefficients of the combined herd—state model.

1079 3 P-value from a global zero-amplitude test implemented as a likelihood-ratio test comparing the full 12-mo cosinor model (cos12 + sinl12) with an
1080 intercept-only model. Because the validation model was fitted jointly across states for each trait, a single P-value is obtained per trait and therefore
1081  appears identical across states.

1082  “ Conditional R? from the combined mixed-effects herd—state validation model (Nakagawa et al., 2017). As R2 is calculated for the global model
1083  rather than by state, a single conditional RZ value is reported per trait and repeated across states; between-state differences are reflected in the mesor,
1084  amplitude, and acrophase estimates.
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1086  Table 9. Cow-level cosinor summary of annual rhythms in milk fat, protein, somatic cell count, and milk yield for Girolando cows (41 herds; mean
1087 18 cows/herd; mean 11.2 mo of records per cow).

Cows with
L . Mean )
ltem significant Mean Amplitude acroohase Circular R?
rhythm, no. amplitude? eV, %3 dar':e“ concentration® (adjusted)®
(%)’
Fat, % 147 0.350 59.6 Jun 19 0.21 0.213
, /0 (20.5) . . . .
Protein, 331
0.215 53.2 Jun 21 0.24 0.309
% (46.2) un
Somatic
cell 159
count, 462.037 120.9 Oct 15 0.07 0.216
(22.2)
x103
cells/mL
Milk
5 370
yield, (51.6) 5.472 57.2 Jul 08 0.08 0.321
kg/d '

1088 1 Cows with a significant annual rhythm based on a zero-amplitude F-test comparing a 12-mo cosinor model (Y ~ cos12 + sinl12) with an intercept-
1089  only model (P < 0.05).

1090 2 Distance from the cow-level mean (mesor) to the peak of the fitted 12-mo cosine function, expressed in the same units as the trait.

1091 3 Coefficient of variation of the amplitude, calculated as 100 x SD / mean across cows with significant rhythms.

1092  “ Calendar date corresponding to the circular mean of cow-level acrophases (month and day).

1093  * Resultant vector length (0-1) for the distribution of cow-level acrophases; values closer to 1 indicate greater concentration of acrophases around
1094  the mean direction.

1095 ¢ Values represent the mean adjusted R? of individual cow-level cosinor models.
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Table 10. Cow-level cosinor parameters by state for Girolando cows.
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Cows with significant

i 2 3 :
Item State N rhythm. no. (%)! Mean amplitude Mean acrophase R? (adjusted)*
Fat, % Minas Gerais 475 94 (19.8) 0.599 Jul 09 0.214
Parana 102 23 (22.5) 0.456 Aug 12 0.192
Séao Paulo 139 30 (21.6) 0.576 Jul 01 0.223
Protein, % Minas Gerais 476 226 (47.5) 0.293 Jun 12 0.325
Parana 102 46 (45.1) 0.265 Jul 19 0.260
Séo Paulo 139 59 (42.4) 0.287 Jun 09 0.326
Somatic cell count, Minas Gerais 476 109 (22.9) 677.449 Oct 28 0.220
%103 cells/mL Parana 102 22 (21.6) 512.876 Oct 15 0.208
Séao Paulo 139 28 (20.1) 718.172 Sep 22 0.214
Milk yield, kg/d Minas Gerais 476 236 (49.6) 9.471 Jul 27 0.328
Parana 102 53 (52.0) 7.120 Jul 25 0.272
Séo Paulo 139 81 (58.3) 6.560 Jul 22 0.322

1 Cows with a significant annual rhythm based on a zero-amplitude F-test comparing a 12-mo cosinor model (Y ~ cos12 + sin12) with an intercept-

only model (P < 0.05).

2 Distance from the cow-level mean (mesor) to the peak of the fitted 12-mo cosine function, expressed in percentage units (%) for fat and protein,
in x103 cells/mL for somatic cell count, and in kg/d for milk yield.

3 Calendar date corresponding to the circular mean of cow-level acrophases within each state (month—day).
4 R? values represent the mean adjusted R? across individual cow-level cosinor models within each state.
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Table 11. Comparison of cow-level cosinor parameters by state for Girolando cows (2013—-2023). Parameters were obtained from a single mixed-
effects cosinor validation model fitted jointly across states, including fixed effects of state and 12-mo cosine and sine terms and random intercepts
for cow, herd, and year

Mesor (cow- Amplitude Acrophase R2
Item State N Ieve(l) (cowlo-level)1 (monti?—day)2 P-value? (conditional)*
Fat, % Minas Gerais 475 3.7257 0.0860 Jun 06 <0.001 0.248
Parana 102 3.8233 0.0579 Jun 28 <0.001 0.248
Séo Paulo 139 3.8003 0.1212 Jun 26 <0.001 0.248
Protein, % Minas Gerais 476 3.3749 0.0565 May 19 <0.001 0.326
Parana 102 3.3764 0.0681 Jun 13 <0.001 0.326
Séo Paulo 139 3.3047 0.0815 Jun 26 <0.001 0.326
Somatic cell count, Minas Gerais 476 443.81 27.35 Oct 29 0.903 0.389
x103 cells/mL Parana 102 758.34 9.67 Jan 15 0.903 0.389
Séo Paulo 139 933.26 18.36 Oct 01 0.903 0.389

1 Distance from the cow-level mesor to the peak of the fitted 12-mo cosine function, expressed in percentage units (%) for fat and protein and in
%103 cells/mL for somatic cell count.

2 Calendar date of the cow-level acrophase estimated from the state-specific cosine and sine coefficients of the combined cow-level mixed-effects
model.

3 P-value from a global zero-amplitude test implemented as a likelihood-ratio test comparing the full 12-mo cosinor model (cos12 + sin12) with an
intercept-only model. Because the validation model was fitted jointly across states for each trait, a single P-value is obtained per trait and therefore
appears identical across states.

4 Conditional R? from the combined cow-level mixed-effects state validation model (Nakagawa et al., 2017). As R? is calculated for the global
model rather than by state, a single conditional R2 value is reported per trait and repeated across states; between-state differences are reflected in
the mesor, amplitude, and acrophase estimates.
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Figure 1. Annual rhythms of milk fat content in bulk tank milk from different Brazilian states:
(A) Goiés, (B) Minas Gerais, (C) Parana, (D) Rio Grande do Sul, (E) Santa Catarina, and (F)
Séo Paulo. Data points represent observed monthly averages. The solid black line depicts the
fitted cosine function with a 12-mo period, and the horizontal dashed line represents the mesor
(rhythm-adjusted mean). Data were obtained from the Brazilian Milk Quality Observatory
(PNQL/MAPA) based on analyses of bulk tank milk samples collected by laboratories of the
Brazilian Milk Quality Network (RBQL). The mesor, amplitude (Amp; half of the peak-to-
trough difference), acrophase (Acro; time at peak), and P-value for the zero-amplitude test are
shown in each panel.
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Figure 2. Annual rhythms of milk protein content in bulk tank milk from different Brazilian
states: (A) Goias, (B) Minas Gerais, (C) Parana, (D) Rio Grande do Sul, (E) Santa Catarina,
and (F) S&o Paulo. Data points represent observed monthly averages. The solid black line
depicts the fitted cosine function with a 12-mo period, and the horizontal dashed line represents
the mesor (rhythm-adjusted mean). Data were obtained from the Brazilian Milk Quality
Observatory (PNQL/MAPA) based on analyses of bulk tank milk samples collected by
laboratories of the Brazilian Milk Quality Network (RBQL). The mesor, amplitude (Amp; half
of the peak-to-trough difference), acrophase (Acro; time at peak), and P-value for the zero-
amplitude test are shown in each panel.
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Figure 3. Annual rhythms of somatic cells count in bulk tank milk from different
Brazilian states: (A) Goias, (B) Minas Gerais, (C) Parana, (D) Rio Grande do Sul, (E) Santa
Catarina, and (F) Sao Paulo. Data points represent observed monthly averages. The solid black

line depicts the fitted cosine function with a 12-mo period, and the horizontal dashed line

represents the mesor (rhythm-adjusted mean). Data were obtained from the Brazilian Milk
Quality Observatory (PNQL/MAPA) based on analyses of bulk tank milk samples collected by
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laboratories of the Brazilian Milk Quality Network (RBQL). The mesor, amplitude (Amp; half
of the peak-to-trough difference), acrophase (Acro; time at peak), and P-value for the zero-

amplitude test are shown in each panel.



34

98

Artigo 2 - Redigido conforme norma do periodico cientifico - Versao preliminar

Titulo do artigo:

Response of mid-lactation primiparous Holstein cows to the
supplementation of rumen-protected methionine during the summer

Autores:

Caio Rodrigues Monteiro

Victor Augusto de Oliveira
Rabeche Schmith

Jodo Pedro Andrade Rezende
Tales Lelis Resende

Jodo Alberto Negréo

Marina de Arruda Camargo Danés

Periddico:

PloS One

ISSN

1932-6203




35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

52

53

99

ARTIGO 2 - Response of mid-lactation primiparous Holstein cows to the

supplementation of rumen-protected methionine during the summer

Caio R. Monteiro’, Victor Augusto de Oliveira’, Rabeche Schmith’, Jodo Pedro A.

Rezende’, Tales L. Resende’, Jodo A. Negrédo’, Marina A. C. Danés™

! Department of Animal Science, Federal University of Lavras, Lavras, Minas Gerais, Brazil

2 Evonik Brasil Ltda., Sdo Paulo, S&o Paulo, Brazil

3 Department of Basic Sciences, Faculty of Animal Science and Food Engineering (FZEA),
University of Sdo Paulo (USP), Pirassununga, Sao Paulo, Brazil

* Corresponding author

E-mail: marina.danes@ufla.br (MACD)



54

95

56

S7

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

100
Abstract

This study aimed to evaluate the effects of rumen-protected methionine (RPM)
supplementation on productive and physiological responses of primiparous Holstein cows
during summer. We hypothesized that RPM supplementation would maintain or improve milk
yield and composition due to beneficial physiological, redox, and inflammatory responses in
cows exposed to summer heat. The trial was conducted in a randomized block design during
nine weeks in Brazil using 80 primiparous cows (182 + 64 DIM; 42.9 + 4.7 kg/d milk). Cows
were blocked by milk yield and DIM and assigned to a control diet (CON; no added RPM) or
the same diet supplemented with RPM (Mepron®, Evonik) at 0.75 g/kg diet dry matter,
targeting 20 g/cow/day (product contains 62% metabolizable methionine) to the average cow.
Milk yield and composition, vaginal temperature, respiratory rate, and plasma samples were
collected in weeks 3, 6, and 9. Data were analyzed using mixed models including treatment,
week, and their interaction as fixed effects, and block and cow as random effects. Cows were
maintained under naturally occurring summer conditions. Environmental monitoring during
weeks 3, 6, and 9 indicated elevated temperature—humidity index (THI) values, with values
remaining above the heat-stress threshold (THI > 68) for 68.3% of the monitored hours (mean
THI = 70.6; range 61.0-84.4). Overall (least squares mean across weeks 3, 6, and 9), RPM
increased milk yield by 2.0 kg/d (44.9 vs. 42.9 kg/d), protein yield by 50 g/d (1,464 vs. 1,414
g/d), lactose yield by 108 g/d (2,109 vs. 2,001 g/d), and total solids yield by 176 g/d (5,331 vs.
5,155 g/d). Lactose concentration was lower in RPM (4.71 vs. 4.76%). Fat yield was unaffected,
but a treatment x week interaction was observed for fat content. Milk fatty acid (FA) profile
was unchanged, although treatment x week interactions were observed for individual fatty acids
(C16:0, C18:0, C18:1, and preformed FA). Plasma glucose was lower, and insulin was higher
in RPM than in CON cows (39.3 vs. 43.2 mg/dL and 0.52 vs. 0.35 ng/mL, respectively).

Antioxidant capacity improved, with RPM cows having higher ferric reducing antioxidant
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power (32.9 vs. 28.5 uM) and lower malondialdehyde (2.48 vs. 2.78 nmol/mL). Other
biochemical, inflammatory, and immune markers were unaffected. Respiratory rate was slightly
higher in RPM than in CON cows (55 vs. 50 breaths/min). Mean vaginal temperature did not
differ between treatments; however, a treatment x time x hour interaction was observed.
Supplementation with RPM improved milk and solids yield, and enhanced antioxidant capacity

and insulin levels, supporting its use to improve metabolic resilience under warm conditions.

Introduction

Heat stress (HS) is a well-recognized challenge that negatively affects the performance,
health, and reproduction of dairy cows. Elevated temperatures are also associated with higher
incidence of metabolic and infectious diseases and with impaired fetal development, potentially
affecting future productive performance [1,2]. The ongoing global warming trend has
intensified this issue, with climate models projecting a rise of approximately 0.2°C per decade
in global mean temperature [3].

Although reduced dry matter intake (DMI) is considered the primary factor contributing to
production losses during HS, it accounts for 35 to 50% of the observed decline in milk yield
[4]. Additional physiological mechanisms, such as systemic inflammation, immune activation,
and changes in the antioxidant system, contribute to the disruption of metabolic homeostasis
[5,6]. These mechanisms alter nutrient partitioning, reducing the availability of key substrates
for productive functions and increasing the diversion of amino acids (AA) toward
nonproductive uses in the liver and gastrointestinal tract [7,8].

. Physical microclimate modifications (e.g., shade, increased air movement using fans, and
evaporative cooling or cow-wetting strategies such as sprinklers/soakers or spray/misting) are

widely adopted to enhance heat dissipation and mitigate heat stress in dairy cows [9,10,11]. In
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parallel, nutritional strategies aimed at ameliorating the negative effects of heat stress have been
investigated, but they are still less extensively characterized than mechanical cooling methods.
These approaches include fat supplementation [12,13], vitamin and mineral supplementation
[14,15], plant polyphenol extracts [16], antioxidant blends [17], and amino acid
supplementation [18,19,20].

Among these, amino acids (AA) supplementation has emerged as a promising approach to
support antioxidant capacity, modulate immune function, and maintain lactational performance.
Methionine (Met) is frequently the most deficient AA in dairy cow diets and plays a central
role not only in milk protein synthesis but also in one-carbon metabolism [21]. Under stress
conditions, methionine is particularly important due to its involvement in methylation reactions,
glutathione synthesis, and immune modulation [22].

Supplementation with rumen-protected methionine (RPM) during the transition period
(from 3 wk prepartum to 3 wk postpartum) has been associated with improved lactational
performance in multiparous Holstein cows. Feeding rumen-protected Met from —21 d to 30
DIM at 0.07-0.19% of diet DM increased milk yield by 3.4 kg/d and milk protein concentration
by 0.18 percentage units [23], whereas ethyl-cellulose RPM fed from —28 to 60 d relative to
parturition at 0.09-0.10% of diet DM increased milk yield by 4.1 kg/d and milk protein
concentration by 0.16 percentage units during 1-30 DIM [24].

Continuous exposure to heat stress (HS) in dairy cows for one [25] to four [26] weeks can
have cumulative negative impacts on production. In contrast, most studies evaluating rumen-
protected methionine (RPM) under HS have relied on short-term challenge models lasting only
a few days (e.g., a 9-d HS challenge), and therefore evidence on RPM supplementation during
naturally occurring summer HS lasting several weeks, particularly in primiparous cows,

remains limited. This knowledge gap is relevant because primiparous cows may be
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moresusceptible under HS due to the simultaneous demands of growth, lactation, and metabolic
adaptation [27,28].

Therefore, the objective of this study was to evaluate the effects of RPM supplementation
on productive and physiological responses of primiparous Holstein cows during the summer.
We hypothesized that, despite both groups being managed under the same
mechanical/evaporative cooling system, RPM supplementation would maintain or improve
milk yield and composition, as well as support beneficial physiological, redox, and
inflammatory responses in lactating cows exposed to naturally occurring summer conditions in

Brazil.

Materials and methods

Ethics Statement

All procedures were approved by the Ethics Committee on the Use of Animals (CEUA) of

the Federal University of Lavras under protocol number 056/22.

Location, animals, management and facilities

The study was conducted on a commercial farm located in Trés Coragdes, Minas Gerais,
in the Southeast region of Brazil, from December 2022 to February 2023. The farm is situated
at 910 m above sea level, at latitude 21°44'59.22"S and longitude 45°11'25.64"W.

A total of 80 primiparous Holstein cows with an average of 182 + 64 days in milk (DIM),
producing 42.9 £+ 4.7 kg of milk per day, with 2.93 £ 0.65% milk fat and 3.13 + 0.27% milk
protein (mean £ SD) at the beginning of the experimental period were used. The animals were

housed in a compost barn with 120 other non-experimental cows, totaling 200 cows. They were
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milked three times daily at 04:00, 12:00, and 20:00 in a herringbone parlor with automatic
detachers.

The animals were housed in two pens measuring 16 x 50 m (800 m?) each, with 100 animals
per pen (40 experimental and 60 non-experimental cows), resulting in a stocking density of 8.0
m2 per cow. Each pen was assigned to one dietary treatment and was fed separately under
commercial farm conditions; therefore, individual daily dry matter intake was not measured.
Bedding consisted of wood shavings, mechanically turned twice daily. Both pens were
equipped with four fans per pen (Mamute F200; FrontAgro Ltda., Sdo José do Rio Preto, SP,
Brazil) operating continuously and a sprinkler line along the feed bunk running on a 30 s on/4
min off cycle. The cooling system was managed identically in both pens throughout the

experimental period.

Diets and experimental design

The experimental design was a randomized complete block design with two treatments.
The 80 experimental cows were organized into 40 blocks (pairs) based on pre-trial milk
production and DIM. Within each block, cows were randomly assigned to one of two treatments
(one cow per treatment within each block): a control diet (CON) or CON plus the inclusion of
RPM (Mepron®, Evonik Operations GmbH, Hanau, Germany), encapsulated with ethyl
cellulose. At enrollment, cows were allocated to their respective pens and remained in the same
pen throughout the experimental period.

A total of 40 cows per treatment were used, except for vaginal temperature, which was
measured in a subsample of 15 cows per treatment. Sample size was determined using milk
protein yield as the primary response variable, following Kononoff and Hanford [29] and
adapted to the present design. Calculations were performed using a two-sided o = 0.05 with a

target power of 0.80. Based on farm records collected before the start of the experiment, the
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standard deviation of milk protein yield was 94 g/d, and a 40 g/d difference was considered the
minimum relevant effect to detect.

Experimental diets (Table 1) were formulated to meet or exceed requirements for
metabolizable energy, metabolizable protein, vitamins, and macrominerals, as recommended
by NASEM [30], to support milk production. The RPM dose was 0.75 g/kg of dietary dry matter
(DM) in the total mixed ration (TMR; 0.075% of DM), corresponding to approximately 0.47 g
of metabolizable methionine per kg of diet DM (=0.047% of DM), based on 62% metabolizable
methionine in the product, and to approximately 13 g of metabolizable methionine per cow per
day. This dose was selected to increase the estimated metabolizable methionine supply and
resulted in a methionine utilization efficiency below the target, indicating a nonlimiting
(adequate-to-excess) supply of metabolizable methionine according to the NASEM ration
evaluation [30]. The RPM product was pre-mixed into the mineral and vitamin supplement
included in the TMR. The control diet contained no added rumen-protected methionine (0 g/kg
DM of RPM). Baseline methionine supply was provided by the basal ingredients in both diets.
Estimated metabolizable methionine supply and the Lys:Met ratio are shown in Table 1.

The experimental diets were provided as a TMR once daily at 08:00. Ingredients were
weighed and mixed in a mixer wagon with an integrated scale (Siloking DUO 14-T®, Siloking
do Brasil Ltda., S&o José do Rio Preto, S&o Paulo, Brazil). Refusals were weighed daily at the
pen level, and the TMR amount was adjusted based on the average pen refusals from the
previous two days, targeting 5% refusals. Animals had ad libitum access to TMR and fresh
water. The TMR was pushed up with a motorized blade at least 10 times per day. Refusals were
used only to manage feed delivery and were not used to estimate individual dry matter intake.

Due to the nature of the experimental design, blinding was not possible. The research team
was aware of group allocation during animal assignment and the conduct of the experiment.

Farm staff and researchers responsible for feeding and sampling were also aware of treatments.
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For standardization, the 120 non-experimental cows were also paired by parity, milk
production, and DIM and randomly assigned to one of the two pens. Thus, each pen contained

100 cows (40 experimental/sampled and 60 non-experimental/non-sampled) and was randomly

assigned to one of the two treatments (CON or RPM).

Table 1. Ingredient and nutrient composition of control (CON) and rumen-protected
methionine (RPM) supplemented diets.

| CON RPM
Ingredient, % of DM
Corn silage, main crop 41.0 41.0
Corn silage, second crop 11.1 11.1
Soybean meal 16.9 16.9
Citrus pulp 8.9 8.9
Corn, high-moisture silage 7.6 7.6
Distillers' dried grains 4.4 4.4
Pelletized soybean hulls 2.3 2.3
Cottonseed 4.2 4.2
Palm fat? 1.0 1.0
PREMIX3 2.5 2.5
Rumen-protected methionine? - 0.075
Chemical composition, % of DM
Crude protein 17.4 17.5
Metabolizable protein 10.0 10.1
Rumen-degradable protein 11.5 11.5
Rumen-undegradable protein 5.9 6.0
Starch 24.7 24.7
Neutral detergent fiber 29.3 29.3
Acid detergent fiber 17.7 17.7
Fatty acids 2.8 2.8
Ash 4.4 4.4
Metabolizable methionine, g/day> 55.0 68.0
Diet Lys:Met ratio® 3.2 2.5

!Diets were formulated to be isoenergetic and isonitrogenous.

2Palm fat: GoldenFat® (CSB Industria e Comércio Ltda., Braganca Paulista, Sio Paulo, Brazil),
composed of calcium salts of palm fatty acids. Guaranteed analysis: ether extract, minimum
700 g/kg; ash, maximum 190 g/kg; calcium, 100-110 g/kg.

SPREMIX: PEC-PRO Lactation Top 700 ORG (PEC-MIX Suplementos Minerais Ltda.,
Alfenas, Minas Gerais, Brazil). Guaranteed analysis: 9-14% Ca; 2.4% P; 11.4% Na; 3.1% Mg;
0.7% S; 1.7% K; 0.3% Zn; 0.2% Mn; 503 mg/kg Cu; 37 mg/kg I; 31.1 mg/kg Co; 17.8 mg/kg
Se; 9.8 mg/kg Cr. Vitamins: A (220,657 IU/kg), D3 (70,560 IU/kg), E (1,844 IU/kg). Additives:
Monensin (475 mg/kg), Virginiamycin (490 mg/kg), Biotin (49 mg/kg), Bacillus subtilis
(30x101 CFU/Kkg), B-glucans (3,160 mg/kg), glucomannans (5,080 mg/kg), mannan-
oligosaccharides (1,920 mg/kg), and calcium/sodium aluminosilicate (7,920 mg/kg).
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*Rumen-protected methionine: Mepron® (Evonik Operations GmbH, Hanau, Germany), a
rumen-protected DL-methionine product containing 85% DL-methionine.
SEstimated using NASEM (2021).

Data and sample collection and analysis

Before the start of the experiment and during experimental weeks 3, 6, and 9, TMR
ingredients were sampled separately once daily. A weekly composite sample of each ingredient
was stored frozen until the end of the trial. After completion of the experiment, composite
samples were dried in a forced-air oven at 55°C for 72 h and ground to 1 mm in a Willey-type
mill for analysis of dry matter [31], organic matter [31], ash [32], crude protein [32], ether
extract [31], neutral detergent fiber (NDF) with amylase and sodium sulfite [33], acid detergent
fiber [34], and starch [35]. Analyses were conducted at UFLA’s Animal Production Laboratory,
in Lavras, Minas Gerais, Brazil. The mean nutritional composition of the diet is presented in
Table 1.

The trial lasted 9 weeks (63 days). The sampling weeks were defined as days 14-21 (week
3), 35-42 (week 6), and 56-63 (week 9) relative to the start of the experimental diets. During
each sampling week, milk yield was recorded daily. Individual milk samples were collected on
two consecutive days (days 19-20, 40-41, and 61-62, corresponding to the third-to-last and
second-to-last day of each sampling week), and daily composite samples were prepared
proportionally to the yield of each milking. Blood samples were collected on the last day of
each sampling week (days 21, 42, and 63). Respiratory rate was recorded on two consecutive
days during each sampling week (days 19-20, 40-41, and 61-62). Vaginal temperature was
recorded continuously over four consecutive days corresponding to the last four days of each
sampling week (days 18-21, 39-42, and 60-63). Mean (= SD) DIM on the last day of each
sampling week (days 21, 42, and 63) was 203.6 + 68.0, 224.6 £ 68.0, and 245.6 + 68.0 for CON

cows, and 201.6 + 59.5, 222.6 + 59.5, and 243.6 + 59.5 for RPM cows, respectively.
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Environmental conditions

Air temperature (°C) and relative humidity (%) were recorded automatically at 10-minute
intervals inside the compost-barn by four automatic loggers (IP-747RH, Impac Comercial e
Tecnologia Ltda., Vargem Grande Paulista, Sao Paulo, Brazil) positioned throughout the barn
(two in each pen), 2 m above the floor. Temperature-humidity index (THI) was calculated at 1-
hour intervals according to Mader et al. [36], using the mean ambient temperature and relative
humidity recorded during each hour, as follows: THI = (0.8x T) + [RH x (T — 14.4)] +
46.4, where T is the ambient temperature (°C), and RH is the relative humidity expressed as a
decimal fraction. The percentage of hours per day when THI exceeded 68 and 72 was then
calculated. Across the entire experimental period, ambient temperature ranged from 16.1 to
33.0°C and THI ranged from 61.0 to 84.4. Environmental data are summarized in the Results

section.

Vaginal temperature, and respiratory rate

Vaginal temperature (VT; °C) was measured in a subsample of 30 cows (15 per treatment)
every five minutes over four consecutive days during weeks 3, 6, and 9 using an automatic
temperature recorder (Thermochron iButton DS1922T-F5#, Analog Devices, Inc., Wilmington,
MA, USA) with an accuracy of £0.5°C and a measurement range of -10°C to +65°C.
Temperature recorders were attached to an intravaginal device without progesterone (CIDR®;
Zoetis, Séo Paulo, Brazil). Respiratory rate (RR) was measured by counting flank movements
over 30 seconds for all experimental cows (n=40) on two consecutive days during weeks 3, 6,

and 9, starting at 10:00 and 17:00.



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

109
Milk collection and analysis of components

Milk production was measured on two consecutive days before the start of the experiment
(baseline; days -2 and -1) and was included as a covariate in the statistical analyses of the
corresponding outcomes (i.e., baseline milk yield for milk production traits, and baseline milk
component values for milk composition traits). Milk production was also recorded daily during
sampling weeks 3, 6, and 9 using an automatic meter (ACR Smart MMV, Interplus, Albinea,
RE, Italy). Individual milk samples were collected before the start of the experiment (baseline)
and during weeks 3, 6, and 9. Sampling was performed on two consecutive days (six milkings)
during each sampling week (days 19-20, 40-41, and 61-62 relative to the start of the trial), at
each milking (04:00, 12:00, and 20:00). A daily composite sample was prepared proportionally
to the yield of each milking for each cow. Milk samples were stored in plastic vials with 2-
bromo-2-nitropropane-1,3-diol (bronopol) preservative, homogenized, and kept refrigerated
(4°C) until sent for analysis.

Individual daily milk samples were analyzed by mid-infrared Fourier-transform infrared
spectroscopy (FTIR; CombiFoss 7, FOSS Analytics, Hillered, Denmark) to determine fat,
protein, lactose, casein, total solids. Milk fatty acids (FA) and FA groups (e.g., SFA, UFA,
MUFA, PUFA; and chain-length classes) were predicted from FTIR spectra using the
instrument’s FA prediction models. Somatic cell count was determined by flow cytometry
(MilkoscanCombiFoss 7, FOSS Analytics, Hillerad, Denmark). Analyses were conducted at
the Clinica do Leite Institute Laboratory (Piracicaba, S&do Paulo, Brazil), without treatment
identification. Daily milk solids yield was calculated using the milk yield and composition from
the same day of sampling. Energy-corrected milk (ECM) was calculated using the equation:
ECM =[0.327 x milk yield (kg)] + [12.95 x fat yield (kg)] + [7.2 x protein yield (kg)], based

on the week the milk was sampled [30].
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The FTIR-based method quantified specific FA, including C14, C16, C18, C18:1, as well
as broader categories such as saturated FA (SFA), unsaturated FA (UFA), monounsaturated FA
(MUFA), and polyunsaturated FA (PUFA). Additionally, FA were also grouped according to
their origin, comprising short-chain FA (C4 to C14) - de novo; medium chain FA (C15 and
C16) - mixed; and long-chain fatty acids (C17 or more) - preformed. Daily yield of each milk

fatty acid was calculated by multiplying its concentration by the daily milk yield.

Blood collection and analysis of metabolites

Blood samples were collected before the start of the experiment as a covariate and once
during weeks 3, 6, and 9 by coccygeal vein puncture, always on the last day of the sampling
week (days 21, 42, and 63), always after the second milking (starting at 12h15m) and
approximately 4 h after feeding (TMR offered once daily at 08:00). Three samples per animal
were collected: one for serum collection in a tube with clot activator, and two for plasma
collection (one in a tube with sodium heparin anticoagulant and another in a tube with K3
EDTA). Samples were kept on ice and, after collection, centrifuged (3,000 rpm) for 30 minutes
at room temperature to obtain serum or plasma and then frozen at -20°C in 2 mL microtubes
for later analysis.

Serum samples were analyzed to assess nutritional status and liver health using commercial
kits (all from Bioclin-Quibasa, Belo Horizonte, Minas Gerais, Brazil) and an automatic
biochemical analyzer (SX-300, Sinnowa Brasil, Ribeirdo Preto, Sdo Paulo, Brazil). The
analyses included albumin (K040-1), total cholesterol (K083-2), HDL cholesterol (K071-23),
glucose (K-082-2,), urea nitrogen (K056-4.1), alanine aminotransferase (ALT; K049-6), and
aspartate aminotransferase (AST; K048-6).

Oxidative status was assessed by analyzing plasma concentrations of ferric reducing

antioxidant power (FRAP) using a commercial fluorometric kit (MAK509, Sigma-Aldrich,
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Saint Louis, MO, USA) in samples collected during week 9. Concentrations of
malondialdehyde [37], superoxide dismutase [38], and glutathione peroxidase [39] were
determined in samples collected during the covariate period and weeks 3, 6, and 9.

Plasma concentrations of non-esterified fatty acids (NEFA) were assessed using an
enzyme-linked immunosorbent assay (ELISA; FA115, Randox Laboratories Ltd., Crumlin,
County Antrim, UK). Concentrations of haptoglobin and immunoglobulin A (IgA) were
determined by polyacrylamide gel electrophoresis [40]. Hormonal response was evaluated
using ELISA tests to measure plasma concentrations of insulin (3625-300A, Monobind Inc.,
Lake Forest, CA, USA) and cortisol (2425-300B, Monobind Inc., Lake Forest, CA, USA). All
these analyses were performed using plasma samples collected only during week 9, when
environmental temperatures were more challenging. Laboratory analyses performed by external

facilities were conducted without treatment identification.

Statistical analysis

Statistical analyses were conducted using the MIXED procedure in SAS (version 9.4; SAS
Institute Inc., Cary, NC, USA). Response variables for blood parameters, milk production, and
milk composition were evaluated using a randomized complete block with repeated measures
over time, with pre-experiment collection values included as covariates in the model when
baseline measurements of the same outcome were available. The model included week of
sampling and treatment as fixed effects, and block, experimental unit (cow), and treatment-by-
time interaction as random effects, as per the following model:

Yijkl = ﬂ+ Ti + COY + Wl +B] + Vk(B) + wail + Eijkl

Where: Y = dependent variable; u = overall mean; T; = fixed effect of treatment (i= CON

or RPM); COY = covariate for Y; W, = fixed effect of week (I = 3, 6 or 9); B; = random effect
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of block (j = 1-40); V,(B) = random effect of the experimental unit nested within block (k =

1-80); T x W;; = treatment-by-week interaction; and E;j, = residual error.

For blood metabolites that were measured only once during the experiment (week 9), such
as haptoglobin, immunoglobulin A (IgA), insulin, cortisol, and ferric reducing antioxidant
power (FRAP), the analysis was performed without including pre-experiment values as
covariates or week as a repeated factor, because baseline values were not available for these
analytes.

For respiratory rate evaluation, no covariate was included because pre-experiment
(baseline) respiratory rate measurements were not available, and the model had week of
sampling, time of day (10:00 and 17:00 h), and treatment as fixed effects, with block,
experimental unit (cow), and treatment-by-time interaction as random effects, as per the
following model:

Yiim= u+Ti+Hypy+W;+Bj+ Vi(B)+TxWy+TxHip, + Ejjim

Where: Y = dependent variable; u = overall mean; T; = fixed effect of treatment (i= CON

or RPM); H,, = fixed effect time of day (10:00 or 17:00 h); W; = fixed effect of week (I = 3,

6 or 9); B; = random effect of block (j = 1-40); V. (B) = random effect of the experimental

unit nested within block (k = 1-80); T x W;; = treatment-by-week interaction; T x H;,,, =

treatment-by-time interaction, and E ., = residual error.

Data normality was assessed using the Shapiro-Wilk test (P < 0.10). When normality
assumptions were not met, variables were analyzed using rank transformation (PROC RANK).
Rank-transformed variables included milk composition variables expressed as percentages
(milk fat, milk protein, lactose, total solids, and casein), somatic cell count, aloumin, HDL
cholesterol, ALT, AST, ferric reducing antioxidant power (FRAP), non-esterified fatty acids
(NEFA), insulin, cortisol, and respiratory rate. P-values were obtained from models fitted on

the rank-transformed data, whereas results are presented in the original units for interpretation.



367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

113

Covariance structures were tested, and the corrected Akaike Information Criterion (AlICc)
was used to determine the best covariance structure. Studentized residuals were used to detect
and remove outliers (> 3 or < -3). The Least-squares means (LSMEANS) statement was used
for mean comparisons, with Tukey-Kramer adjustment for significant effects. Significance was
declared at P < 0.05, and trends were noted at 0.05 <P <0.10.

All outcomes were recorded at the cow level and analyzed using cow-level repeated-
measures models; however, because treatments were applied at the pen level (one pen per

treatment), pen-level replication was not available.

Results

Environmental conditions

Temperature and relative humidity were recorded inside the compost barn (in-barn
microclimate) under the cooling system. During the experimental period, the average ambient
temperature was 22.3 £ 1.6 °C, with an average daily maximum of 27.4 + 2.9 °C and a minimum
of 18.8 £1.0 °C. Relative humidity averaged 84.7+ 5.8%, ranging from 41.7 to 100%. The
mean temperature-humidity index (THI) was 70.6 +2.0, with THI values exceeding 68 and 72
for 68.3% and 32.5% of the total hours, respectively, indicating sustained environmental
challenge (Table 2).

Among the three sampling periods, the greatest thermal challenge occurred during weeks
6 and 9, with THI > 72 for 37.7% and 40.1% of the time, respectively. Week 9 also had the
highest mean THI (71.6 £ 1.5), as well as the highest average daily temperature (23.1 £ 1.3 °C)
and the highest mean maximum temperature (29.5 £ 2.0 °C). In contrast, week 3 presented the
mildest conditions, with the lowest mean THI (69.0+2.2), lowest mean temperature
(21.1 £ 1.5 °C), and the smallest proportion of hours above both THI thresholds (THI > 68:

56.1%; THI > 72: 19.8%).
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Table 2. Mean ambient temperature, relative humidity, and temperature-humidity index (THI)
during the monitored sampling weeks (weeks 3, 6, and 9) of the 9-week (63-d) trial conducted
in lactating primiparous Holstein cows.

Overall (weeks 3,

Item Week 3 | Week 6 | Week 9
6, and 9)
THI* > 68, % of time 68.3 56.1 76.5 725
THI > 72, % of time 32.5 19.8 37.7 40.1
THI mean 70.6 69.0 71.2 71.6
THI maximum 84.4 84.4 80.1 82.1
THI minimum 61.0 61.0 63.6 64.6
Temperature mean, °C 22.3 21.1 22.7 23.1
Temperature maximum, °C 33.0 31.8 31.8 33.0
Temperature minimum, °C 16.1 16.1 17.6 18.2
Relative humidity mean, % 84.7 88.7 83.3 82.2
Relative humidity maximum, % 100.0 100.0 100.0 100.0
Relative humidity minimum, % 41.7 59.2 43.3 41.7

L THI = temperature-humidity index, calculated as THI = (0.8 x T) + [RH x (T — 14.4)] +

46.4, where T = temperature (°C), RH = relative humidity (decimal) [36].
2 Week = sampling week (evaluation week) as defined in the Methods (weeks 3, 6, and 9 of the

trial).

3 Overall values were calculated from pooled hourly environmental records across sampling

weeks 3, 6, and 9.

4 Air temperature and relative humidity were measured inside the compost barn and reflect the

in-barn microclimate under the cooling system (fans and sprinklers).

The daily distribution of THI revealed a clear pattern, with the lowest values occurring

between 00:00 and 06:00 h and the highest values between 12:00 and 16:00 h. During this peak

period, most THI observations surpassed the threshold of 72, indicating consistent exposure to

moderate-to-severe heat challenge in the afternoon hours (Fig 1A).
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Fig 1. Temperature-humidity index (THI) and vaginal temperature profiles over a 24-h
cycle during the sampling weeks (weeks 3, 6, and 9).

(A) Variation of the temperature-humidity index (THI) recorded over a 24-h period. Each point
represents an individual hourly measurement, and the solid line represents the smoothed trend
across time. Data correspond to the combined observations from the sampling weeks (weeks 3,
6, and 9). Horizontal reference lines indicate THI thresholds of 68 and 72. THI was calculated
as (0.8 xT)+ [RH x (T — 14.4)] + 46.4, where T = temperature (°C) and RH = relative humidity
expressed as a decimal (Mader et al., 2006).

(B-D) Average vaginal temperature (°C) measured hourly over a 24-h period in lactating
primiparous Holstein cows assigned to a control diet (CON; no added rumen-protected
methionine) or supplemented with rumen-protected methionine (RPM; 0.75 g/kg diet DM)
during sampling week 3 (B), week 6 (C), and week 9 (D) during the Brazilian summer. Bars
represent means * standard error of the mean (SEM). Asterisks (*) indicate time points with

treatment differences (P < 0.05).
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Vaginal temperature and respiratory rate

Vaginal temperature and RR are presented in Table 3. No differences were detected
between treatments for mean VT, maximum VT, or minimum VT. However, a significant
treatment % time (week) x hour interaction was observed for VT (P <0.001), as illustrated in
FiglB-D. In week 3 (Fig 1B), cows supplemented with RPM exhibited higher VT than CON at
06:00, 10:00, 15:00, 16:00, 17:00, and 22:00 h (P <0.05). In week 6 (Fig 1C), differences were
detected at 02:00, 08:00, and from 15:00 to 17:00 h, with RPM cows presenting higher VT
(P<0.05). In week 9 (Fig 1D), RPM cows showed higher VT at 09:00 and 10:00, and from

15:00 to 23:00 h compared with CON (P <0.05).

Table 3. Respiratory rate (n = 40) and vaginal temperature (n = 15) of primiparous Holstein
cows supplemented (RPM) or not (CON) with rumen-protected methionine during summer.

Treatment P-value
SEM Trt x
Item CON | RPM Tt | Week | "% | Week x
Week
Hour
Respiratory rate at 10:00 | 47.5 | 51.0 NA
h, breaths/min 3 5 0.90 | 0.009 | <0.001 | 0.405
Respiratory rgte at17:00 | 51.5 | 57.9 116 | <0.001 | <0.001 | 0.024 NA
h, breaths/min 1 1
Average vagm?I 38.8 | 38.9 0.03 | 0293 | <0.001 | 0.435 <0.001
temperature, °C 8 3
Minimum vaglonal 38.7 | 38.7 0.03 | 0302 | <0.001 | 0.638 <0.001
temperature, °C 5 9
Maximum vaglnal 39.0 | 39.0 0.03 | 0341 | <0.001 | 0.103 <0.001
temperature, °C 1 6

1CON = control diet (no added rumen-protected methionine); RPM = rumen-protected
methionine—supplemented diet (0.75 g/kg diet DM); SEM = standard error of the mean; Trt =
treatment effect; Week = sampling week (weeks 3, 6, and 9); Hour = clock hour for vaginal
temperature measurement (hourly values across 24 h); Trt x Week = treatment x sampling week
interaction; Trt x Week x Hour = treatment x sampling week x measurement hour interaction.

For respiratory rate, measurements were recorded at 10:00 and 17:00 h and the Trt x Week x
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Hour term was not applicable (NA). NA = not applicable (term not included in the model).
Boldface P-values indicate statistical significance (P < 0.05). Measurements were collected in
lactating primiparous Holstein cows during the Brazilian summer.

Cows fed the RPM diet showed higher RR at 17:00 h (57.9 vs. 51.5 breaths/min; P <0.001),
and a tendency for greater RR at 10:00 h (51.0 vs. 47.6 breaths/min; P = 0.09), consistent with
the observed interaction between treatment and time at 17:00 h (P = 0.024). During respiratory
rate measurements (10:00 and 17:00 h), the proportion of cows with RR > 60 breaths/min was
higher in the afternoon and increased in weeks 6 and 9. At 17:00 h, RR > 60 breaths/min
occurred in 19.2%, 66.2%, and 60.3% of RPM cows and 5.0%, 21.3%, and 42.3% of CON
cows in weeks 3, 6, and 9, respectively; at 10:00 h, corresponding proportions were 2.6%,

32.4%, and 39.7% (RPM) and 0.0%, 20.0%, and 30.8% (CON).

Milk production and composition

Milk yield and composition are presented in Table 4. Supplementation with RPM increased
yields of milk (44.9 vs 42.9 kg/d, P < 0.01), protein (1464 vs 1414 g/d, P = 0.03), lactose (2109
vs 2001 g/d, P = 0.03) and total solids (5331 vs 5155 g/d, P = 0.03). Energy-corrected milk
(42.1vs40.7 kg/d, P =0.06) and casein yield (1156 vs 1121 g/d, P = 0.06) tended to be increased
by the RPM treatment. Lactose concentration was reduced in RPM group compared with CON
(4.71 vs. 4.76%; P = 0.01). Fat yield was not affected by RPM supplementation, but there was
an interaction (P = 0.02) between treatment and week for fat content (Fig 2). For the RPM
treatment, fat content was greater in week 9 compared to week 3, whereas in the control group

it did not change significantly across weeks.
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Table 4. Milk yield and composition of primiparous Holstein cows supplemented (RPM) or not
(CON) with rumen-protected methionine during summer.

Treatment P-value
Item CON rem | SEM Trt Week | 1%
Week
Milk yield, kg/d 42.9 44.9 0.54 0.001 0.001 0.302
ECM?, kg/d 40.7 42.1 0.63 0.063 < 0.001 0.177
Milk component yield, g/d
Fat 1269 1316 38.65 0.363 <0.001 0.133
Protein 1414 1464 17.14 0.032 0.319 0.967
Lactose 2001 2109 23.24 0.034 < 0.001 0.528
Casein 1121 1156 14.61 0.063 0.253 0.950
Total solids 5155 5331 68.81 0.038 < 0.001 0.381
Milk composition
Fat, % 2.95 3.02 0.10 0.767 < 0.001 0.020
Protein, % 3.30 3.27 0.02 0.248 <0.001 0.097
Lactose, % 4.76 4.71 0.01 0.010 0.006 0.982
Casein, % 2.61 2.58 0.02 0.222 < 0.001 0.170
Total solids, % 11.99 11.97 0.10 0.855 < 0.001 0.109
MUN3, mg/dL 11.77 11.46 0.18 0.141 < 0.001 0.804
SCC* (x 103), cells/mL 132.17 178.82 30.23 0.594 0.958 0.378

1 CON = control diet (no added rumen-protected methionine); RPM = rumen-protected
methionine—supplemented diet (0.75 g/kg diet DM); SEM = standard error of the mean; Trt =
treatment effect; Week = effect of sampling week (weeks 3, 6, and 9); Trt x Week = treatment
x sampling week interaction. Boldface P-values indicate statistical significance (P < 0.05).
Measurements were collected in lactating primiparous Holstein cows during the Brazilian

summer.

2 Energy-corrected milk (ECM) was calculated as ECM (kg/d) = (0.327 x milk yield, kg) +
(12.95 x fat yield, kg) + (7.2 x protein yield, kg), according to NASEM (2021).

8 MUN = milk urea nitrogen.
4 SCC = somatic cell count.
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Fat milk (%)
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BCON mRPM
Fig 2. Milk fat concentration (%) during the sampling weeks (weeks 3, 6, and 9) in
lactating primiparous Holstein cows assigned to a control diet (CON; no added rumen-
protected methionine) or supplemented with rumen-protected methionine (RPM; 0.75
g/kg diet DM) during the Brazilian summer. Bars represent means * standard error of the
mean (SEM). Asterisk (*) above the bracket indicates a difference between treatments within

that sampling week (P < 0.05).

Milk fatty acid composition and yield are in Table 5. Supplementation with RPM did not
affect FA profile for C14:0, C16:0, C18 and C18:1. De novo FA yield was not affected, as well
as mixed FA and preformed FA.

However, a significant interaction between treatment and week was observed for
preformed fatty acids (P = 0.02), and a trend was noted for mixed fatty acids (P = 0.08). In RPM-
supplemented cows, preformed FA concentration increased in week 9 compared to week 3 (1.44
vs. 1.36%), and mixed FA also increased (0.87 vs. 0.79%). No significant temporal variation

was observed in the control group.
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Table 5. Milk fatty acid composition and yield of primiparous Holstein cows supplemented
(RPM) or not (CON) with rumen-protected methionine during summer.

Treatment P-value
Item con | rRem | SEM L e | week | X
Week
Fatty acids composition, g/100 g of
milk
C14:0 0.268 | 0.282 | 0.010 | 0.242 | <0.001 | 0.116
Cl16:0 0.804 | 0.848 | 0.032 | 0.301 | <0.001 | 0.049
C18:0 0.220 | 0.222 | 0.009 | 0.853 | <0.001 | 0.028
C18:1 0.706 | 0.702 | 0.012 | 0.871 | <0.001 | 0.007
SFA? 1.654 | 1.732 | 0.069 | 0.491 | <0.001 | 0.063
UFA3 1.144 | 1.144 | 0.023 | 0.941 | <0.001 | 0.024
MUFA# 0.890 | 0.886 | 0.019 | 0.834 | <0.001 | 0.027
PUFA> 0.116 | 0.118 | 0.013 | 0.520 | <0.001 | 0.301
Short chain 0.142 | 0.151 | 0.014 | 0.397 | <0.001 | 0.130
Middle chain 1.290 | 1.357 | 0.047 | 0.299 | <0.001 | 0.058
Long chain 1.005 | 1.006 | 0.031 | 0.973 | <0.001 | 0.005
De novo 0.605 | 0.630 | 0.033 | 0.598 | <0.001 | 0.191
Mixed 0.806 | 0.827 | 0.036 | 0.591 | <0.001 | 0.065
Preformed 1.357 | 1.342 | 0.026 | 0.656 | <0.001 | 0.019
Fatty acids yield, g/day
C14:0 115.21 | 122.50 | 4.39 | 0.200 | <0.001 | 0.192
Cl16:0 345.26 | 367.32 | 13.32 | 0.187 | <0.001 | 0.092
C18:0 94.78 | 95.67 | 3.89 | 0.864 | <0.001 | 0.011
Cc18:1 306.55 | 307.16 | 7.67 | 0.950 | <0.001 | 0.001
SFA? 710.92 | 749.88 | 27.50 | 0.297 | <0.001 | 0.059
UFA3 496.87 | 501.85 | 11.02 | 0.732 | <0.001 | 0.013
MUFA? 386.85 | 388.11 | 853 | 0.843 | <0.001 | 0.013
PUFA> 50.19 | 51.94 | 1.21 | 0.307 | <0.001 | 0.166
Short chain 59.90 | 64.81 | 597 | 0.331 | <0.001 | 0.109
Middle chain 554.38 | 588.97 | 19.99 | 0.156 | <0.001 | 0.106
Long chain 435.96 | 437.65 | 13.03 | 0.897 | <0.001 | 0.002
De novo 259.25 | 271.02 | 13.81 | 0.537 | <0.001 | 0.318
Mixed 348.00 | 357.05 | 15.32 | 0.586 | 0.160 0.078
Preformed 589.87 | 585.86 | 11.67 | 0.813 | <0.001 | 0.019

1 CON = control diet (no added rumen-protected methionine); RPM = rumen-protected
methionine—supplemented diet (0.75 g/kg diet DM); SEM = standard error of the mean; Trt =
treatment effect; Week = effect of sampling week (weeks 3, 6, and 9); Trt x Week = treatment
x sampling week interaction. Fatty acids are reported as carbon chain length: number of double
bonds (e.g., C16:0). Boldface P-values indicate statistical significance (P < 0.05).
Measurements were collected in lactating primiparous Holstein cows during the Brazilian
summer.

2 SFA = saturated fatty acids.

3 UFA = unsaturated fatty acids.

4 MUFA = monounsaturated fatty acids.

® PUFA = polyunsaturated fatty acids.
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Biochemical, oxidative, immune, and hormonal parameters

Plasma concentrations of biochemical, oxidative stress, inflammatory, immune, and
hormonal markers are presented in Table 6. Among the biochemical variables, plasma glucose
was significantly lower in RPM compared with CON (39.3 vs. 43.2 mg/dL; P <0.001), whereas
other indicators such as albumin, alanine aminotransferase, high-density lipoprotein, and total
cholesterol were not affected by treatment. A time effect was observed for plasma urea
concentrations (P = 0.048), but no treatment effect or treatment x time interaction was detected.

Regarding oxidative stress markers, RPM supplementation enhanced systemic antioxidant
status, as evidenced by higher FRAP (32.9 vs. 28.5 uM; P =0.006) and lower plasma MDA
concentrations (2.48 vs. 2.78 nmol/mL; P =0.007). No overall treatment effects were observed
for GPX or SOD. However, GPX activity was affected by time (P <0.001), and a treatment x
time interaction was detected (P =0.046), indicating distinct temporal responses between
groups. As shown in Fig 3, GPX concentrations remained stable across weeks in CON cows,
whereas RPM cows exhibited a progressive increase, reaching significantly higher values at
week 9 compared with week 3 (P < 0.05), and also exceeding CON at that final time point.

Inflammatory and immune parameters were unaffected by treatment. Concentrations of
haptoglobin and immunoglobulin A did not differ between groups.

Among hormonal variables, RPM-supplemented cows showed higher plasma insulin
concentrations (0.52 vs. 0.35 ng/mL; P <0.001), whereas cortisol and non-esterified fatty acids

were unaffected.
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Table 6. Plasma concentrations of biochemical, oxidative stress, inflammatory, immune, and
hormonal parameters of primiparous Holstein cows supplemented (RPM) or not (CON) with

rumen-protected methionine during summer.

Treatment P-value

Item con | rRem | ML 1 | week | TTHX
Week

Biochemical parameters

Albumin, mg/dL 3.40 3.42 | 0.02 0.363 0.921 | 0.218

Alanine aminotransferase

(ALT), U/L 20.16 21.11 | 0.54 0.165 0.100 0.137

Aspartate aminotransferase

(AST), U/L 111.31 | 108.00 | 4.64 0.345 0.115 0.448

Glucose, mg/dL 43.18 39.31 | 0.84 | <0.001 | 0.102 | 0.272

High-density lipoprotein (HDL), | g¢ 55 | 9546 | 140 | 0.892 | <0.001 | 0.444

mg/dL

Total cholesterol, mg/dL 207.11 | 211.85 | 4.51 0.450 0.645 0.368

Urea, mg/dL 35.97 36.54 | 0.28 0.131 0.048 | 0.530

Oxidative stress biomarkers

Ferric reducing antioxidant

oower (FRAP), M 28.49 32.88 | 1.16 0.006 NA NA

Glutathione peroxidase (GPX), 030| 030 001 | 0.645 | <0.001 | 0.046

U/mL

Malondialdehyde (MDA), 278 | 248 | 0.08 | 0.007 | <0.001 | 0.071

nmol/mL

Superoxide dismutase (SOD), 4428 | 4321 | 2.07 | 0712 | 0.003 | 0.797

U/mL

Inflammatory and immune markers

Haptoglobin, mg/dL 20.39 15.76 | 1.78 0.242 NA NA

Immunoglobulin A (IgA), 99.11 | 106.67 | 3.91 | 0.191 NA NA

mg/dL

Hormonal and metabolic regulation

Cortisol, ng/mL 12.27 13.64 | 0.87 0.315 NA NA

Insulin, ng/mL 0.35 0.52 | 0.03 | <0.001 NA NA

Non-esterified fatty acids

(NEFA), mmol/L 0.25 0.27 | 0.01 0.478 NA NA

1 'CON = control diet (no added rumen-protected methionine); RPM = rumen-protected
methionine—supplemented diet (0.75 g/kg diet DM); SEM = standard error of the mean; Trt =
treatment effect; Week = effect of sampling week (weeks 3, 6, and 9); Trt x Week = treatment
x sampling week interaction. Week and Trt x Week are not applicable for variables measured
only once during the experiment (week 9). NA = not applicable. Boldface P-values indicate
statistical significance (P < 0.05). Measurements were collected in lactating primiparous

Holstein cows during the Brazilian summer.
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Fig 3. Plasma glutathione peroxidase activity (U/mL) during the sampling weeks (weeks
3, 6, and 9) in lactating primiparous Holstein cows assigned to a control diet (CON; no
added rumen-protected methionine) or supplemented with rumen-protected methionine
(RPM; 0.75 g/kg diet DM) during the Brazilian summer. Bars represent means + standard
error of the mean (SEM). Asterisk (*) above the bracket indicates a difference between

treatments within that sampling week (P < 0.05).

Discussion

In the present study, supplementation with rumen-protected methionine (RPM) during
summer improved milk yield and the daily production of protein, lactose, and total solids in
primiparous Holstein cows. RPM also enhanced systemic antioxidant capacity, as evidenced by
higher FRAP and lower MDA, and increased plasma insulin concentrations. Although cows
receiving RPM exhibited slightly higher respiratory rates and transient increases in vaginal
temperature during hotter periods of the day, overall thermal status was not compromised.
Collectively, these results indicate that RPM supplementation supported productive

performance and metabolic resilience under sustained heat stress conditions.
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Thermal comfort in dairy cows is commonly assessed using the THI, which combines
ambient temperature and relative humidity. Recent evidence indicates that high genetic merit
cows show signs of HS when THI exceeds 68 and experience marked production losses above
72 [41,42]. In the present study, mean THI was 70.6 & 2.0, with values above 68 and 72 recorded
during 68.3% and 32.5% of the monitored hours, respectively, indicating sustained heat load
during the monitored sampling weeks and providing the basis for evaluating physiological and
metabolic responses to RPM supplementation.

Despite the use of a cooling system, environmental monitoring showed sustained heat load,
with THI frequently exceeding 68 and reaching high peak values. Consistent with this pattern,
the distribution of respiratory rate observations indicated that a notable proportion of cows
exceeded 60 breaths/min at the assessment times, particularly at 17:00 h in weeks 6 and 9. These
observations suggest episodic physiological responses compatible with heat challenge during
the hottest hours, even under heat-abatement management.

Physiological responses to heat differed between groups. Cows receiving RPM showed
higher respiratory rates and transient increases in vaginal temperature during the afternoon
hours, particularly in the later weeks. These effects may reflect increased metabolic activity
associated with greater milk production rather than impaired thermoregulation, especially given
the absence of differences in mean, minimum, or maximum 24-h vaginal temperatures between
treatments [22]. The observed rises in vaginal temperature occurred predominantly during
periods of higher ambient temperature and may indicate a greater internal heat load, possibly
associated with intensified nutrient metabolism to support higher milk production.

In this study, cows supplemented with RPM produced more milk, accompanied by greater
daily yields of protein, lactose, and total solids, along with a tendency for higher ECM, even

under progressively increasing thermal challenge (mean THI: 69.0, 71.2, and 71.6 during weeks
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3, 6, and 9, respectively). This pattern suggests that RPM helped support mammary secretory
capacity under summer heat load.

It is important to note that individual DMI was not measured in this study, which limits
definitive conclusions regarding the mechanisms underlying the productive responses
observed. However, the improvement in the metabolic and oxidative status of RPM-
supplemented cows, discussed later, suggests a more favorable physiological condition that
may have influenced both nutrient use efficiency and potential voluntary intake. If such an
increase in intake occurred, it is plausible that it contributed to part of the observed production
response. The diet was formulated to meet the cows’ nutritional requirements, and the predicted
energy supply was consistent with the observed production levels.

In the present experiment, RPM supplementation increased daily milk protein yield without
affecting its concentration and showed a tendency to enhance casein synthesis, suggesting an
increased synthetic capacity independent of the dilution effect caused by higher milk volume.
Mechanistically, in addition to being a deficient AA for casein synthesis, methionine also acts
as a metabolic signal. Through its derivative SAM, it has been linked to activation of the mTOR
pathway and stimulates anabolic processes such as protein translation [43,44]. Recent evidence
indicates that increasing post-ruminal methionine supply enhances mammary tissue mTOR
phosphorylation (p-mTOR), linking it to greater milk protein synthesis in cows exposed to HS
[43,18]. Thus, the increase in daily protein yield observed here may reflect both the provision
of a deficient AA and the activation of signaling pathways that sustain protein synthesis during
HS.

Additionally, HS has been consistently associated with a reduction in milk fat percentage
and, in some cases, milk fat yield in dairy cows [25,45-47], although some studies have reported
no significant changes [48,49]. Proposed mechanisms include decreased de novo fatty acid

synthesis in the mammary gland, associated with reduced DMI and alterations in ruminal
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fermentation [50-52], as well as potential changes in hepatic triglyceride export [53]. In the
present study, the temporal interaction observed for milk fat concentration, with higher values
in RPM-supplemented cows in week 9, coincided with an increased proportion of preformed
and mixed fatty acids in milk fat, suggesting maintenance of lipogenic capacity even under
higher milk production. Although total fat yield remained unchanged, this pattern aligns with
previous studies reporting variable effects of RPM on milk fat synthesis depending on basal
diet and stage of lactation [54,55]. Methionine may influence milk fat synthesis through
multiple pathways. As a lipotropic agent, it participates in the activation of the
phosphatidylethanolamine methyltransferase (PEMT) pathway in the liver [56], which converts
phosphatidylethanolamine into phosphatidylcholine (PC) using methyl groups donated by
SAM. PC is the main phospholipid of very low-density lipoproteins (VLDL), and its increased
availability promotes hepatic triglyceride export and enhances the supply of long-chain fatty
acids to the mammary gland [21,57-59]. At the mammary level, methionine supplementation
has been associated with increased expression of lipogenic genes such as PPARG and FASN,
and with reduced abundance of miR-23a, a microRNA that directly represses lipogenic
pathways, thereby favoring lipid synthesis [60]. Additionally, methionine acts as a metabolic
signal via the mTOR pathway, which regulates key enzymes involved in fatty acid synthesis
[61]. The specific impact of rumen-protected methionine supplementation on mammary
lipogenesis under HS conditions warrants further investigation.

Itis also important to highlight that this study was conducted with primiparous cows, which
may respond differently to methionine supplementation compared with multiparous cows. In
addition to sustaining lactation, primiparous animals must allocate nutrients to ongoing body
growth, resulting in altered nutrient partitioning and greater sensitivity to dietary AA adequacy
[62,63]. These animals often have lower DMI relative to their requirements [64], a reduced

capacity to mobilize body reserves [65] and may respond more positively to increased
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metabolizable protein and methionine supply during early and mid-lactation [66,67]. Therefore,
the productive responses observed in the present study may reflect a greater nutrient efficiency
characteristic of primiparous cows when provided with balanced AA profiles.

Plasma biochemical and hormonal responses provided additional evidence of altered
nutrient metabolism. Lower glucose concentrations can be explained by greater lactose
production in RPM cows. Moreover, insulin has been demonstrated to be a potent regulator of
milk protein synthesis by upregulating genes directly involved in protein translation, casein
production, and AA uptake by the mammary gland ex vivo [68].

The liver plays a central role in the metabolic adaptation of high-producing cows under
HS. Unlike the transition period, HS does not appear to promote pronounced mobilization of
non-esterified fatty acids, as adipose tissue lipolysis is suppressed as a physiological strategy to
reduce metabolic heat production, thereby exposing the liver to a lower lipid load [4,49]. In this
study, serum ALT and AST concentrations remained within physiological ranges, suggesting
preserved hepatic function. A temporal increase in HDL concentration was observed, with no
treatment or treatment x time effects. HDL mediates reverse cholesterol transport and provides
substrate for VLDL formation, which can then be exported to peripheral tissues, including the
mammary gland. Although no direct association with treatment was detected, this temporal
pattern may have supported lipid availability and contributed to the late increase in milk fat
observed in RPM cows at the end of the experiment.

Heat stress exacerbates systemic oxidative stress by promoting an increased generation of
reactive oxygen species (ROS) as a consequence of elevated energy demand and intensified
mitochondrial activity [69]. This imbalance between ROS production and cellular antioxidant
capacity compromises membrane integrity, leading to lipid peroxidation and structural damage.
In the present study, a temporal pattern in glutathione peroxidase (GPX) activity was observed,

with a significant treatment x time interaction. Although overall GPX means did not differ
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between groups, RPM-supplemented cows showed a progressive increase in enzyme activity
throughout the weeks, reaching significantly higher values by week 9, whereas levels remained
stable in the control group. This pattern paralleled the gradual increase in THI, suggesting that
RPM supplementation promoted a more robust antioxidant response to escalating HS
conditions. Methionine participates in one-carbon metabolism and, through the transsulfuration
pathway, is converted into cysteine, the limiting AA for the synthesis of reduced glutathione,
the primary substrate for GPX [70,71]. Thus, RPM supplementation may have enhanced GSH
availability and strengthened the antioxidant system dependent on this molecule, increasing the
capacity to neutralize lipid and hydrogen peroxides via GPX activity. Reflecting this improved
antioxidant efficiency, total antioxidant capacity increased and plasma malondialdehyde, a
classical marker of lipid peroxidation [72], decreased in RPM cows. The lower MDA
concentration suggests reduced oxidative damage to membranes, while the higher FRAP values
indicate greater systemic ability to neutralize ROS. Mechanistic studies in bovine mammary
epithelial cells under hyperthermia support this interpretation. Methionine supplementation
reduced lipid peroxidation (lower MDA), increased GPX, superoxide dismutase, and catalase
activities, and decreased apoptosis [73]. In vivo, supplementation with a rumen-protected a
methionine—zinc complex enhanced total antioxidant capacity and reduced MDA in cows under
prolonged HS, reinforcing the potential of methionine to modulate redox balance, although the
effect cannot be entirely separated from zinc in that study [14].

Lactating cows exposed to HS frequently develop a systemic inflammatory response
characterized by increased proinflammatory cytokines such as interleukin-1p, interleukin-6,
and tumor necrosis factor-o, which stimulate the synthesis of APP such as haptoglobin and
lipopolysaccharide-binding protein [7,14,15,19,74]. The severity of this response can be
assessed by the rise in circulating haptoglobin, a positive APP, and by the decrease in hepatic

albumin synthesis, a negative APP [75]. In the present study, no significant differences between
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treatments were observed for haptoglobin or albumin. This result may indicate that although
HS was sufficient to impact performance and oxidative metabolism, it did not reach the
intensity required to induce systemic inflammation capable of markedly altering these APP.
The respiration rates reached by the cows during the experiment strengthened this hypothesis,
since they were always below 60 movements/min. Alternatively, RPM supplementation may
have attenuated the inflammatory response, as suggested by the numeric lower mean
haptoglobin concentration in supplemented cows, although not to a magnitude sufficient to
achieve statistical significance. It is also important to note that the experimental design, with
samples collected every three weeks, may not have captured transient peaks in haptoglobin or
rapid declines in albumin concentration that can occur shortly after HS onset.

Collectively, these findings support the hypothesis that methionine supplementation
enhances lactational performance through coordinated adjustments in nutrient metabolism,
antioxidant capacity, and physiological resilience. The consistent productive benefits observed
under HS conditions reinforce the potential of RPM to improve production efficiency in hot
climates.

These findings should be interpreted in light of the study design and on-farm conditions. A
key limitation is that dietary treatments were delivered at the pen level (one pen per treatment)
and individual daily intake was not measured, which limits pen-level replication and warrants
cautious interpretation of treatment effects based on cow-level outcomes. Nonetheless,
conducting the trial under commercial summer conditions increases external validity by
evaluating RPM responses in a real-world management setting and enabled the inclusion of a

larger number of cows than would be feasible with individual feeding.
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Conclusions

Supplementation with RPM improved milk yield and increased milk protein, lactose, and
total solids yields in primiparous Holstein cows during summer. These benefits likely reflect
better AA balance and nutrient use. RPM also enhanced antioxidant capacity and increased
plasma insulin, suggesting metabolic advantages. Although cows supplemented with RPM
exhibited slightly higher vaginal temperatures and respiratory rates during the hottest hours, no
detrimental changes or indices of concern in overall thermal status were observed. These
findings support the use of methionine to improve performance and metabolic function in
primiparous cows under summer heat load, during which THI remained > 68 for extended
periods. Further research is warranted to elucidate the tissue-specific mechanisms involved and

to evaluate long-term impacts on health and reproductive performance.
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TERCEIRA PARTE
5 CONSIDERACOES FINAIS

Em sistemas tropicais, a producéo e a composicao do leite variam ao longo do ano e séo
moduladas por condi¢Ges ambientais e estratégias de manejo. No primeiro estudo, observou-se
que a gordura e a proteina do leite em sistemas de producéo brasileiros apresentam evidéncias
de um ritmo circanual consistente, detectavel em nivel nacional, de rebanho e de vaca
individual, e que a inclusdo de variaveis econémicas de curto prazo acrescentou pouca
explicacdo adicional aos modelos sazonais. No segundo estudo, conduzido durante o verdo sob
estresse térmico, a suplementagdo com metionina protegida em vacas Holandesas primiparas
esteve associada a melhora de marcadores do estado antioxidante e a incrementos na producao
de leite e de sélidos. Em conjunto, os resultados indicam que a sazonalidade deve ser
considerada na interpretacdo da composicéo do leite e no planejamento de manejo, e sugerem
que intervencdes nutricionais, como a metionina protegida, podem contribuir para atenuar

perdas de desempenho em condigOes de calor.
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